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(U) This final technical repoﬁ is in two volumes; Volume [ covers all work _
72 performed in Task I of Contract F04611-68-C-0085, '"Injector/Chamber -i
Scaling Feasibility Program.'" The Task I phase of the program covered

the period from 8 July 1968 to | September 1969, The report was prepared ;
by G. A, Yoorhees, Jr., Program Manager, Applied Technology Nepartment
of the Technology Laboratory. Bruce Heckert of the Applied Technology

Department served a3 Program Manager during the initial three months L
of the program. Richard Williams was responsible for data reduction. '
The progran was carried out under the direction of Dr, Harland L. )
Burge, Depariment Manager, Applied Technology Department. ]

(U) Air Force technical direction was provided by M. F, Powell.

(U) This technical report has been reviewed and is approved. i

Roy A. Silver
Project Engineer
Air Force Rocket Propulsion Laboratory !
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ABSTRACT
.

(U) The results of the Task I phase of an injector/chamber scaling feasi-
bilicy progras ave presented. During the fourteea month program, covering
the pericd from 8 July 1968 to 1 September 1959, the feasibility of scaling
the T Systomu coaxial imjector design to the 250,000 lby thrust level vas
demonatrated. A total of forty-one {njector dsvelopment test firings vere
made using c¢igiht injector configuracions. Three chamber lengths veru eval-
uatad with a single injector configuration. Satisfactory psrformance vas
achiswd with the longest chamber tested. Injector dynamic stability vas
demonstrated in numercus stability rating tests employing both pulse-guns
and non—-dirsctional bombs. Three demonstration injectors vere designed
and fabricated and two of these injectors vers ud:jocud to checkout firings
io preparation for Task 1l teecting.
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pressure, psia
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mixture ratio (lb- oxidl:cr/lb. fuel)
propellant density

specific heat ratio

pressure differential ratio (AP1°IAP1£)

exit

chamber

total oxidizer injection orifices
primary cxidizer injection orifices
secondary oxidizer injection orifices
injection

oxidizer, or stagnation

fuel

throat, total
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SECTION 1
INTRODUCTION AND SUMMARY

[PPSR

———

1.1 INTRODUCY LON

(U) In-depth systems studies of various means of minimizing the cost of
lamch vehicles have been comnducted by the Air Force over the past several
years, These studies have shown that a system based upon a low cos%t liguid
fusied propulsion system (somgtimen referred to as a "big dumb booster")
offers a very attractive solution to the problem. The key technological

aspect of the concept hinges upon the ability to develop at modest cost a
thrust chamber assembly (injector/chanmber) which exhibits the following
characteristics:

e Low Cost Manufacture - commercial tolerances and masufacturing
ptocesses, low cost ablative materials

® Scaleability - to minimiza development coat for multi-
million pound thruat levels

o Dynamic Stabllicy - to minimize typical trial and error devel-
opment of atable injeztors which has plagued
large 1iquid fueled engines

e Performance - adequate to accowplish the mission

(Y) The TRW Systems approach to the solution of this critical technology
ares vas to demonstrate the feasibility of acaling the single element .
coaxial injector/ablative thrust chamher concept successfully utilized in
the Lunar Module Descent Fagine (IMDF) from the 10,000 Ibf thrust level to
tha 250,000 1bf thrust level. Under the requirements of thias contract,
F04611-68-C-0085, Injector/Chamber Scaling Fessibility Program, TRW Systems
designed and fabricated low-cost {njector/chamber hardware for test and
evaluation at the AFRPL High-Thrust Test Feciiity, 1-56., The program con-
sisted of two rasks: (1) Task T - 250,000 1bf thrust injector/chamber
developwent; and (2) Task II - 230,000 1bf thrust long duratson ablative
chamber evaluation.

(U) In Task !, TRW Systems furnished the AFRPL a contractor-owned thrust
chamber ansembly (LMDE engine design scaled to 250,000 1bf thrust level) for
the purpose of facility checkout. TRW Systems also designed and fabricated
a development fnjector and heat-sink combustion chamber to investigate the
effects of variations in critical geometric and hydraulic parameters on
combust lun performance. The development injector incorporated replaceable
fuel orifice rings and oxidizer pintle tip asmemblien. The final demon-
stration injector configuration wan defined after nnly 41 full scale test
firings, This I~ mlunificant in the fact that TRW (abricated 3 fdentical
injectors for the nubsequent long duration abhlative material evaluation temts
unjog commercial manufacturing processrs and commercial tolerance practices.
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(U) In Task II, thres different candidats low cost ablative matarial systems
vers evaluated in 250,000 15f thrust chazbsr hardvare.

(U) This report Ls in two volumes. Volume ! describes all accomplishments :
during the Task I phase of the program covering the period of 8 July 1968 to !
1 September 1969. Vo'use Il describes the results of the Task Il phase of
the program covering L4%e period of 11 December 1968 to 3 February 1970. !

1.2 PROGRAM SUMMARY -

(U} The TRW Syetems cxperimental low-cost pressurs fed angine demonatrated
the follewing:

@ An inherently stable and scalable injector design vhich minimizes
the development costs.

e Ingine metal components fabricated from lov-carbon stesls using
commercial fabri_ation wethods.

A mmnae o e -

¢ Low-cost ablative iiner materials and fabrication techniqueas.
The ability to design, fabricate and test these flight configured engines
within the acope of the program demonstrates the feasibility of the minimum
cost deaign spproach to designing rocket vehicles.

1.2,1 Yask I Injector/Chambar Develspment

(U) Tank I consiafed of forty-one short duration test firings with the

R development heat sink havdware.,” Performance, heat trannfer, and stability
© data vevre obtained. Three different length combustion chambers (36, 48 and
) [nches) were teated to determine the effect of length on engine perfor-
amce., Thene tests were conducted u Ing a single element coaxial {njector
operated at efight different fuel to uxidizer settings. The TRW injector
design minimizes the number of injector builds normally associated with
engine development programa because of its simple vonstruction which sccom~
modates {nterchangeable oxtdizer rings and fuel gap adjustments.

i (C) The maximum specific {mpulae efficiency measurcd was 89,5 percent in the
} 60-inch long (L/D » 1.54 and L* » 120 inchen) heat-sink combustion chamber,
Increasing the combustion chamber length from 36 inches to 60 inches resulted
in an engine perforwance increase of approximately 4 percemt. Data indicates
that highar performance can be achievad by modest increasas in combustion
chamber length.

(C) A totsl of 21 utabiliczy vating tests, using hoth pulme-guns and non-
directional bombs, were made with the various injector configurations. The
induced chamber pressure disturbances vere all dawped to within 10 percent
of the original chamber pressure within 10-17 millineconds, once again pro-
= viding that the centrelly laocated, coaxial tnjector {s dymamically stabie.

(C) The nominal combustion performance (nC*) for eix of the eight injector *
settings vas essentially the same (within the accuracy of the data). The

remaining two settings {ncorporated changes in the ratio of primary to

decondary flow rates and oxidizer orifice ent ance flov dynamics. Thess
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€C) chai.ges resulted in lover performamce than the original six injector \ 1
configurations. Because of the desire to continue iuto Task 11, no further
tojector changos wers made to improve performsnce. The [inal demcnstratiom
L injector setting for Task II was sslected from ths test base of 4l (njector
fivings.

{C) Fourtven additional checkout firings were made with the S/N 001 and $/N

002 demonscration injectors. The S/N 001 demonstration injector was test~-

flred n the 60 Inch chamber (L* = 120 inches) both with and without a

turbulence iing. The turbulence ring resulted in a performance increase of

approxtmately 1-1/2 percent. The S/N 002 desunstration i{njector was test-

8 fired in the same chasher without the turbulence ring. 1
8 (U) The S/N 00l dewonstration injector also was subjected to a test firing ‘
of 10 seconds duration to check injector durability. A heat sink thrusc !
chambar was lined with a lowe-cost gypsum-phenolic inaulation at the AFRPL :
for this firing. Most of the insulation was either ablaced or ejected dur-

ing the i{nitial Iive svconds of the firing. As & result, the convergent

and throat sections of the heat-sink chamber were eroded during the latter

half of the firing. No erosion of the oxidiser orifice ring or the ablative

pintle tlp was «ncountered.

-

1.2.2 Lank 3l Ablative Chamber Evaluation

(U) Three ablative Jined thrust chamber asscemblles were designed and tested.
Four S/N (07 [njuctor vheckout ointn were also conducted during Task IT1.
Pocformance agreed with the $/N W01 and 002 checkout tewts,

(U A number of low-comt fabrication techniques were evaluated. Tape
wrapping over a male mandrel, and hand lay-up of wtandard ablative matcerials
fn canjunction with o [ow-pressury cure cycle appear applicable for fabri-
cating large ablative components but would require expensive tooling. Cast-
, ing of room temperature curing ablators is 3 feasnible technique for produc-
. ing laege ablative components without the use of expensive tooling. The

- hign pressure molding of [nterlocking panels appears to be a practical
tichnique, The joint design and sccondary bonding of the molded panels to
th. shell become the critical and expensive parts of the ablative compomnent.

- (U) Thc material |¢1ectlnas for the threa ablative chambers were based upon
results of subscale test programs conducted at both the AFRPL and TRW
Systems. Cost-effectivencss studies were made of chamber liners using the
most promising matevrials., Final material selections were based on :he cost- ‘
vifectiveness studles, fabrication procesnen adaptable to larger size !
ablat fve liners, and new material technology.

. (U) The configuration | ablative liner conmsinted of a tape-wrapped MX=2600
T (silica-plicnnfic} throat [nmert, an MX-2600 (afl{ca-phenolic) exit cone
linor layed up (in a rosette pattern, and an MXA-150 {asbeatos-phenolic)
chamber Liner which vas layed-up parallel-to-surfare. The exit cone and
chamber scctlons were cured §n place at 100 pui while the throat insert was
cured In an autuclave at 100 psi, machined and secondarily bonded into the

pressurc shell uaing an epoxy adhesive., The chamber internal configuration
congisted of an |.* of B9 fnches, & chanber length to diameter ratio of 1.5
md a contraction ratio of 1,80. This chamber deaign demonstrated an engine

life of 66 seconds. CONF!DENTIAL
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(U) The configurstion 2 ablative liner consisted of a cast Dow-Coraing 93-
104 f1lled-silicone rubber throughout the chamber. The liner was cast in
three sections; the throat~exit cone, the dome section, and the cylindrical

" chambur wection using {ncernal plaster molds and sheet metal/plywood mandrels.

The cast chamber vas cured at room temperature. The chamber iuternal con-
figursctfon consisted of an L* of 104 inches, & chamber length to diameter
ratlo of 1.44 and a contraction ritio of 2.07. The demonstrated cngine life
for this design vas 98 seconds.

(U) The configuration 3 ablative liner consisted of a tape-wrapped MX-2600
(silica-phenolic) throat insert, an MXA-150 (acbestos-phenolic) exit cone
I{ner and & cast lronsides Resin DP5-16]1 chamber liner. The exit cone was
[abricated from compresaion molded MXA-150 segments which were secondarily
bonded Into the pressure shell. The DP5-161 chamber section was cast in

two sections, the dome and cylindricsl chasber section, using internal

planter molds and sheet metal/plywood mandrels. The caat chamber section

wks cured at room tempersture. The internal configuration of the combustion
chawber was identical to the configuration 1 ablative liner. The damonstrated
engine 1tfe for this deslgn was 83 seconds.

(U) The average weight of the three engine assemblies is estimated t¢ be

5290 pounds with tha lightest angine being the configuration 2 design (5030
pounds). The fnjector assemblies welghed 1500 pounds each, tha thrust chamber
preassure vessels wefghed 2850 pounds each and the ablative liners veighed from
680 pounds to 1130 pounds.

(C) The demonstrated specific impulsc for the three ablative engine firings
was 88 2 0.9 percent of the theoretical value at the nominal design mixture
ratic of 2,60 0/F. The maxizum performance waasured wan 89 percent at a
aixture ratio of 2.50,

() The test program proved the feasibility of & minimua cost design with
minimal ¢r ;ine devclopment required. The heat-sink thrust chamber tests
determined the effect of thrust chamber length ({.c., chamber stay time) on
cosbustion performance for a given Injector. Using this relatiunship with
the ablative engines’ delivered performance fndicates an ability to deliver
927 specific impulse by increasing the chamher length to diameter ratio to
1.68. Acceptable ablative performance may be achieved with the Fiberite
MX-2600 (sfilica-phenolic tape or broadgoods) used for the chamber liner,
throat insest, and nozzle eaxit-cone.
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SECTION 2
ENGINE DESIGN AND FABRICATION

2.1 GENERAL

(U) The TRW low-cost, pressurc~{¢d engine design consists of two major
assemblies - g centrally located, cosxial injector and an ablatively

cooled thrust chamber. The engine uses low-cost storable propallants
(N204/UDMH) which are compatible vith conventional materials of construc-
tion. Ths engine is designed with a minimum of "precision"” tolerances such
that industrial fabrication techniques 13y be used to fabricate beth the
injactor and thrust chambar shell. Llow-cost sblative-type thrust chamber
liners, capable of being fabricated by low-cost techniques, are used to
protect the chamber shell during the engine firing durstion.

(U) The Task [ Desizn and Fabrication effort consisted of the design ard
faorication of three major itens. These items vere as follows:

1) 250,000 lb' Thrust Develop. .. lnjector
2) 250,000 1b, Thrust Heat-Sink Chamber

3) 250,060 1b, Thrust Demonstration Injectors

{
The 250,000 thy thrust development injector wam desfgned to accept replace-
able fuel and oxidizer orifice rings in order to cxpedite testing of various
{njector configurations. The heat~-sink combustion chamber had numwerous
pulsa=gun and bomb hosses for conducting stability rating tests. Three
demonstration injectors were ‘abricated. The fuel and oxidizer orifice
design vas based on the tests results achieved vith the development injec-
tor.

2.1.1 Design Philosophyv

) It has been recognized that the propellant injector Is the critical
component in the overall determination of engine performance, combustion
stability, and thrust chamber durability. For many years TRW Systems has
been conducting analytical and experimental inveatipations of the combus-
tion procoss from the standpoint of performance, ntability and thrust
chanber durability. These efforts have led to TRW Sywtems selecticn of the
coaxisl injector concept ss the most suitable bastic design for meeting thesme
engine requirements,

(M) The hastc design simplicity of the coaxtal fnjector reaults in reduced
development and production costs while wmaintaining high component reliasbile
ity. bSince mont of the fahrication consists of turning oparations end
electrical dincharging machining (EDM), the psrt-to=part reproductisn s
excejlent snd the scraprate reduced vhen comparcd with designs requiring a
large number of preciston drilling operationa,

{I1)  The hastc {njector concept permits adjunting both the fuel and oxidizer
injection flow areas, aither separately or simultanc usly, thus providing
incressed flexibility during the esrly developwent rhases of a program.
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(U) This featwre permits a wore
rapid injector optimization. A
scheastic diagram of the injec-
tor slement is shown in Figure
2-1. The coaxial injector de-
sign is predicsted upon obtaining
& mechanical iaterlock of the

propellaats which forces ligquid
phase mixirg to occur.

directed radially outvard as
individual streams from the cen-
tral pinctle. The fuel {s injec-
ted as a hollow cylindrical sheet
vhich intercepts the oxidiger
streams as shown in Figure 2-],
wvith part of the fuel impinging
Figure 2-1. Injector Llemsat Scheaatic the oxidizer strean and part of
Diagram (V) it penetrating betweez the

oxidizer orifices. The geodetry of the interaction system is salected on
the basis ¢f raquired perforsance and wall environment.

(U) The injection parameters for this injector which have shown a domina-
ting i{nfluence on injector performance in previous work are as follows:

1. Ratio of oxidi. : to fuel injection momantum

2. Ratio of secondary oxidirer flovw to priaary orifice flow

3. Number, size and shape of oxidizer orifices

4. T"lemental spacing of onidizer orifices

5. Location of secondary oxidizer orifices

6. Injection pressurs level.

(U) varistion of these paramaters are used to control hoth performance and
vall enviroaomant.

2.1.2 Combustion Stability

(U) The tnjector design directly affeczts overall dynsmic stebility, perfor-
wance, and thyust chamber durability. Realization of these design goals

fs not poesible unless the injactor can be sade to operate in a dynamically
stable manner,

(U) The centrally located, coaxial injector design has proven {ts inherent
dynsmic stability in thousands of tests on engines ranging from small RCS
thrustors to the presant 250,000 lbgs thrust presssure-~fed engine. MNon-direc-
tional bosxbe and radial and tangentially oriented pulse zune have bemm
utilizsed to rate the injector dynamic stebility. High frequancy responsse
pressure transducers are used to record the pressurs disturbances.

UNCLASSIFIED
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U} e tangential, radial, and longitudinal modes are of concern, with

the tangentisl modes being most impertant. The TRW Systems centrally located,
coaxial injector provides a fundamental approach to the theorstical slimin-
ation of these scouwtic modes of instability,

(V) gxaminstion of the anti-nodes of various acoustic vibrationsl modes
shows the location of possible abnormally high energy release zonss which
could rvesult in sustaining combustion {nstabilicy. Figures 2-2a, 2-2b
and 2-2¢ show a comparison betveen distributed injecticn and centralired
injection. The figures show that the locstion of abnormally high energy
releises in a chamber can have a dominant effect on whether or not the
engini will be dynamically stable.

(U) Figure 2-2a compares a distributed injector and centrally located in-
jector response during a tangential disturbance. Stable operation is indi-
cated by the s0lid line while the energy release pattern resulting from s
lavge pressure pulse at one side of the injector is shown as a daghed line.
The szone of the maximum energy release rate in the distributad injection
system moves generally toward the injector face (source of propellants)
thus sustaining the inatabilicy.

(U} Ia the centrally located tnjector the zone of maximum energy release
must agaln move toward the {ncoaing propellants to increase the combustion
ratc above (ts normal valur. The maximum eneryy releasc zone moves toward
the injector and inward rtoward the chambher axin, or nodal location. 1t {»
apparent that, under thesr conditions, the energy is rcleased clomer to the
pressure node and becomen ineffective in sustaining the spinning or tan-
gentiasl premssure front.

(V) Similar argusents can be offered {n support of the stability of the

centrally located injector to both the first radial end first longitudinel
modes of Lnstabllicy.

2.1.) Scaling

(U) Past experiencr has demonstrated the scalability of the coentrally
lucated coaxial {njertor over a wide range of thrust levela. This is ac-
complished through ¢he use of simple geometrical acaling technigques. Of
primary lmportance In scaling the coaxisl injector Is the maintenance of
hydraul ic¢ stmllarity at the ifmpingement point., The oxidizer orifice con-
figurstion is essentially photographically scaled. 1In waking gross scaling
changes It has been nccensary only to make minimal changes to achieve the
desired prrformance and chamber compatibility. The scaling criteria used

in designing the 250,000 Ibf (vecuum) thrust injector and combustion chamber
are given in the [olloving parsgraphs.

2.1.3.1 Mixing

() 1t has been long recognized that high injector perforsance requires
maximum use of the kinetic rnergy of jet interaction. Tn ansure that peak
performance will occur, it in neceasary to optimize the injection hvdranlics,
It has been found that control of basic momentum conafderations results in
peak performance (Reference 2) for the hypergolic propellant combinations
under consideration, |.e., vhere 1iquid phase reactions are considered to

T UNCLASSIFIED




UNCLASSIFIED

AR
}
NI

i
gt b
{

S
el |
b ——t
-
g
- H
B
[ §
&7
7]

.
-----

Pl s

[
(\!
- gi C o

Flgure 2-2. Comparison of Stability Modes (U)

UNCLASSIFIED

11199--6006~28-00
Page 2~4

First
.} Tangential

Fivec
(b) Radial

Tirst
(c) Longitudinal

i

PR SRS LY




s

UNCLASSIFIED i

() A highly sffective approach to control of momentum interaction is
obtained through an examination of the gross dynaamics of interaction of the
fuel and oxidizer streams. Initially, maximum mixing can be schieved only
by optimum ure of available momentum forces. Using this approach, Rupe at
JPL (Reference 3 ) arrived ot s criteris for two impinging round streams
for maxisum mixing wvhich is given as

o, V., d
£t £, 2-1
pV2d 1 ( )
oo "o -
() Reibling at JPL (Reference (4) ) reports that all of the criteria for
optimus propellant mixing in impinging jet injection elements can he ex-~
pressed in the form

b

2
[‘z"1] -k (°1/°2) R (2=2)
Max n

wvhere:
R = ratio of mass flow rate of liquid 2 to liquid 1
i.e., mixture ratio

p = 1liquid density
a s crogs-mcctionsl arca of an individual orifice

Ny ° alxing ¢fflctency

or in terms of oxidlzer and fyel

ot o, [(o,/,o) fuorey 2]" @

The cnefficient k Is a unique function of the ratio of the number of streams
of one flujd to the other fluid (n./no); b is relatively insensitive to
changes in ("f/"o) vith s nominal valie of 0.7,

(4) Exporimentsl ;rcgrnns at TRW employing the coaxial injector elewent
indicates that a modi{{ication of Equatfon (2-3) after Reibling, to account
for side interaction of the fuel sheet wiih the oxidizer filsments and
differencen in discharge coefficienis, results_in acceptadble correlation
of the tuest data, The modified correlating parameter 1s given by

' 0.2 0.4,, 0.5_ 2-4)
ko /o )7 w7 tae T0e10 (
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where:

¢ = liquid density
4 = mixturs ratio (aolﬂr)
AP ® AP /AP,

r o

. ’
for maximum mixing efficiency, and k 1is determined empirically.

(v
include the following:

Injection perameters vhich have been shown important in prior work

Ratio of vxidizer to fuel injéction momentum
Fuel and oxidizer orifice pressure drop level
Number of oxidizer orifices

Shape of oxidizer orifices

Setback of oxidizer secondary orifice

Spacing between oxidizer orifices

Percentage of oxidizer secondary flow

Ratic of pintie diameter to chamber dlameter

The various orifice parameters are shown In the following sketch.

©
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= pintle diameter

o fuel motering orifice dismcter

= length of lunf stresa to impingement

« length of primary oxidizer orifice

= major width of primary oxidizer orifice
* minor wid h of primary oxidizer orifice
s length of secon 1 arifice

e width of secondary orifice
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(u) Injector configurations with 30, 32, 36, 38, 42, 48 and 60 primsry
oxidizer orifices hava been tested previously. Most of thess configuratione
vere tasted alsc with secondary oxidizer orifices. In configurations ew—
ploying primary cxidizsr orifices cnly, insufficient spacing betwveen indivi-
dual orifices [UW - (W_ + W,)] precludes adequats pecstration of the fuel
sheet, while a spacing which i{s too great sllows exceasive penetration of
the fuel sheet. In both cases performance is loverad and in the latter case
(fuel rich centrsl core) the chamber wall zona would normally be oxidizer
rich resulting in excessive erosion of the ablative chamber liner. The
basic approach vhich was developed in the LMDE program is the sdditiom of
secondary oxidizer orifices between prim 'y orifices at a predetsrained
setback (L~ L_) and with an area approximately 10 percent of the total
oxidizer igject!on area.

(U) The selection of the central pintle tube assembly diameter, D_, 1is
based on consideraciocn of: (1) fuel sheet thickness at the delianpinjcct-
ion velocity, (2) resulting pintle tube circumference from the standpoint
of length available for locating the oxifdizer injection orifices and (3)
ratio of fuel sheet thickness [1/2 (D_ -~ D‘ )] to spacing batveen primary
oxidizer orifices (UW - HP). P »

(U) Only the first six of the eight injector paramcters were varied in
this program. The percentage of oxidizer secondary flow was nominally 10
percent of the total flow (8 to 1l. percent), while the ratio of pintle
dismstar to chamber diameter was ilnvariant (0.327).

(U) Omly two injectors with more than 36 elements (02 and 06 with 48 elements)

vere tested during the injector development phase. The shape of the oxidizer
orifices were not varied significantly. The spacing betwaen orifices was
varied from 50 percent of unit width to 33 percent of unit width.

2.1.3.2 Vaporization

(U) Yor geometrically similar injection elements the effective mean size
droplet (r_) is a function of the total mess flow through the orifice and

the 1njoctfon velocity. The vaporization of these propellant droplets,

and subsequent rveaction, is a function of the chamber diameter and chamber
length. Using LMDE experience the chamber configuration required to vaporize
and complete the combustion of the injected propellants is given by

Chamher diameter (I.D.), "2 Dt - Dc

Chambar length, = 1,45 Dc - Lc vhere

the length is weasured between the impingement plane and the throat. The
chamber convergence angle is salacted as 30° and the throat radius of
curvature 1s 0.5 D,-

(U) An analytical combustion efficiency analysis using ona-dizensional
vaporigation rate-limited combustion wodel computer programe described in
References 3 and 6 wvas performed in support of the experimantal program.
Additional dats from a company-funded 50,000 1bf program waa used to verify
the chasbar scaling approach,
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(U) The scaling approack inwolved correlating the suss median drop
vadius, ¥+ standard deviation, 9, and number of drop groups (vhick charsctsr~
ize the syray at the iritial station) with the measured combustion efficisacy.
Tha variation of voluss mean drop dismstar, 430. vas correlated by

4

- - + °t97 v -V et

330 2.64 AL djl s Jl (2-3)

Yor a constant injection velocity and ths aasumption that |V.u -VJ|=0
1/2 )

or io termd of injected flow rates
° 174
dyg v (@ (2-7)
It ia further assumed thet:

LA d3° ~ (;)1/‘ (2-8)

or -
- ¢ L] 1/‘
t‘z r.l (m,/m)) 2-9)
(U) Iquatiow 2-9 vas used to acale drop size (and nusber flux discribution)
from 8 know condition (r-x. -1) to the new condition.

(U) The mass sadian drop radius, Ty also is related to two primary imjactor
psrameters, specifically injector pressure drop, AP and number of primary
and secondary orifices, n, ss follows:

4} ; s oV (1/‘}djzn . (2-10)
or dj ﬁ.JT’:; (2-11)
Substitution of 2-11 in equation i-5 (with IV ’-V‘t:o)
laads to gas -
i1/6
d ~
¥ (2-12)

Substituting the foliowing relationship iuio equation {2-1

NER 7 (2-13)
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results in

= (A’)JIO (n)ll‘ (2-14)

S\ Uk Vg 98
. 2 1 L
u (Bgr 87 ) 7 (e S l‘1)("1) (‘z) (‘“’ 2 (2-15)

Equation {2-15) describes hov the mass median drop size chacgee with t e
flov rate (1.e., thrust level), injector pressure drop, and number of
orifice.

(C) The ona-dimensional vaporization rate-limited cowbustion wmodel pre-
viously discussed vas used to correlats tha initial 250,000 lbf thrust

test Tesults with mass mediun drop size. Several drop sizes were input

to the computer program with the first 250,000 1bf thrust chambar con-
figuration testad (Lc = 36 inches, ¢ = 2.23 and L* » 70 inches). The
experimental test results obtainad during these tests (11 through 32)
correlated with a mass median drop radius of 10%u (microus). Koowing

that the ki, 4P)], and nj for the 250,000 1bf thrust engine rqsult in a
nsse median dxop radius (Tm)) of 109u, squation 2-15 was used to calculate
the drop size (Tmz of 75u) for the 50,000 1bf thrust engine (A2, P2, end
n2). Tha vaporization rate-limited combustion model was then used to
calculaze tha relationship between performance and chamber length for both
the 250,700 1bf thrust engine (109u) with 50,000 1bf thrust engirs (75u).
These computed relationships are shown in Pigure 2-3 along with experimental
test results. The agresment between the performance computed from the com-
bustion model and the actual exparimental test results for both the 50,000
ibf and 250,000 1bf thruct engines demonstratas tha capability of equation
2-15 to pradict the injactor charactaerization drop size for various engine
sizes and the capsblility of tha combustion model to detsruine the effect

of chamber length on coubuatica performance for a given iujactor.

2.1.3.3 Appiication of Scaling Criteria to Original 250,000 1bf TCA

(U) The originai 250,000 1bf thrust injector/chambar configuration
(Appradix A) which wee fired at the 50,000 ibf thrust level in 1967 and
thean used for facility checkout of 1-56, was based on va'.ues of {njaction
paraseters scxled from the LMDE {njector. Thus, the pintle diameter is
sirean by '

pp:o.vit_ (2-16)

3¢ vesults 1o & pintle dissetar of 12.7% inches. Thas number of oxmidiser

. lemenzs (primary orifices plus secondary orifices) is 36 which 1o identical
to the LMDE injector. The oxidizer orifice spacing (W,/UW) of approximately
7.40 1s idantical to that of the LMDE injector. The of

oxidizer orifice setback and percentags of secondary oxidizer flow are aleo
spproximately the same as the LKDE injector.

CONFIDENTIAL
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M

, (C) <The initial fuel and oxidizer injection pressure drop levels speci-
o ? e fied vere 35 psia and 140 psi, respectively, which corresponds zo 25 psi .
8 ' ’ Jud 105 psi for the LMDE injector. This pressure ratio selectlon would
. . predict maximua performance at s mixture ractio of 1.60, or the normal

I opeyecing mixture ratio for the LMIE,

(C The combustion chamber employed in the Facility Checkout Phase of
Task I was sized on the basis of 300 psia at a_throat diameter of 27.0
inches. The contraction ratin vas (39.0/27.0)2 or 2.09 which corresponds
to the criteria given in 2.1.3.2., The original chamber length was 36.5
inchas from the impingement plane to the throat which does not meet the
L/D criteria. The original 250,000 1bf thrust TCA was fired only at
50,800 1bf and 60 psia at the TRW Systeas Capistrano Test Site. Due to
faciiity limitations the nozzle extension was limited to an expansion
ratio of 2.0 at 20° divergence half-angle and the overall chamber length
(lupingement plane ro throat) was limited to the 36.5 inches which

18 considerably shorter than predicted by the scaling criteria.

2.2 2%0,000 LB THRUST STATIC TEST ENGINE DESIGN

¥
? (U) The design of the 250,000 lb, thrust static test engine is |
shown {n Figure 1-4, This .init {8 comprised of two major assemblies -~ the

centrally located, coaxial injector and the uncooled thrust chamber. The

design is based on achieving thie parameters shown in Table 2-]1, Test dur-

ations are limfted to 1,9 to 2,0 seconds which {s sufficient time to estab-

lish the two primarv objectives of the prowram; these objectiven are the

weagurement of engine performance and the verification of injector stabil-
iy,

(U) The design criterta, including propellant flows, calculated pressure
drops, and predicted strean levels used in the development injector and
thrust chamber demign have been detafled {n Appendix D, A summary of the
stress analysis {3 presented in Table 2-2 for the injector and thrust chamber

" reglons indicated in Filgure 2«5, The stress analysis vas based on a steady-
state pressure of 600 psi in the infector ard chamher with the engine at
) smbient temperature. The chamber will withstand 300 psi with a factor of

safety of approximately 4 {n all regionn except at the weld connecting the

long welding neck flange to the dome (Figure 2-5) where the factor of safety
is 2.0,

| (U) The thrust chausber wasn fubricated from United Statas Steel T-l steel
I . alloy in all areas except the long welding neck flange, which was ASTM
|

e — -

A-181 carbon steel, The T-1 steel glioy wam selected for use in the
chamber because of {ts relatively high strength (approximately 100,000 psi
. yield ntrength) and low cast, The dome and plate sections of the chamber
sre 0.3 tnches thick, except {n the throat region, which has a sinimum
= thickness of 0.8 inches., 1he allovable run durstion at full thrust i
conditions is approximately 2.0 meconds to limit chamber throat erosion. '
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(M) The thrust moumt consists of s skirt, welded to the cylindrical cham—
ber section, which is wvelded to a ring containing the mounting hola bolt
circle. This thrust mount configuration distributas the load uniformly.
This type of thrust mount is also lower in cost than a bracket wmount.

2.2.1 Engine Operation

(U) Combustion is initiated by cpening an 8 inch facility oxidizer valve
(propellant valves are not supplied with the TCA) so as to orovide a
positive oxidizer lead. Oxidizer enters the injector through am 8 inch
diameter, 300 lb ASA, velding nack flange located on the injsctor center-
line and flows through the oxidizer tube. The oxi4izer flow is turned 99°
by the contoured pintle tip and is injected radially through multiple ori-
ficas in the oxidizer orifice ring.

(U) 7Tuel entere the injector through & 6 inch diamater, 300 1b ASA, veld-
ing veck rlange where it flovs into s manifold fabricated from four 6 inch
diamster, 90° elbows of schedule B8C pipa. The fual flows through aight,

) inch diameter, distribution orifices esqually spaced around the outer fuel
Jackat f{nto an intermal plenum. Fuel {s injected into the combustion
chambar as & hollov cylindrical shest; the fusl sheet impinges with the
radial oxidizer streams approximately 2.5 inches from the fuel crifice,
Since the propsllants are hypergolic, combustion takes place upon contact
of the fuel with the oxidizer.

(U) After 1.5 to 2.0 seconds of operation both facility propellant valves
are closed snd combustion ceases. The injector manifolds were then purged
vith geseous nitrogen ond the angine was ready for the next test firing.

2.3 COMPONENT DESIGN - DEVELOPMENT INJECTOR

(U) The design of the development injector sssembly (X403829-1) is shown
as Figure 2-6. (Figure 2-7 shows the injector during final assewbly.)
Oxidizer enters the injector through an 8 inch diameter, 300 1b ASA, wveld-
ing neck flange located on the {injector centerline and flows through the
oxidizer tuba X403829-6. The nxidizer flow is turned $0° by the contoured
pintle tip, X403830-1 and {s injected radially through both primary and
secondary orifices. The pintle tip assembly (X40440B), consisting of the
pintle tip (X403830-1), oxidizer orifice ring, and ablative protection for
the plutle tip was sttached to the injector center body by means of a but-
tress thread. The pintle tip assembly was pinned to the center body to
prevent rotstion. Figure 1-8 is a photograph of the injector centerbody
showing the buttress threads and machined fusl metering sucface.

(U) Puel enters the injector through a singls 6 inch diaceter, 300 1b ASA,
velding neck flange where it flows into a manifold fabricated from four,

6 inch diameter, 90° albows of schedule 80 pipe. [Fuel flows through aight,
3 inch dismeter distribution orifices equally spsced around the outer fuel
jecket into an imtervial plenum crested by che fusl jacket sad the fusl
sleeve, Fuel flows from this plenim into the annular opening crested by
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Figure 2.7, 250,000 lbg Thrust ' Flgure 2-8, 250,000 1bg Thruat
. : Development [ajector Assembly (U) bDevelopment Injector Centerbody (U)

(U) the fuel jacket (Flgure 2-9) and the injector centerbudy. Fuel is
injected into the combustion chamber as a hollow cylindrical sheet through
the anzular orifice created by the machined surface on the {njector center-
body and the fuel metering orifice.

(U) The devalopment injector design allowed rspid change of both fuel and
oxldizer orifices without removing the {njector from the temt stand. Oxi-
dizer orifices of 36 and 48 injection elements were evaluated during the
injector development program. Table 2-3 gives a brief description of
both the fuel and oxidizer orifices and the teat sevries and firings on
which they were used.

(U) Tha dewsign criteris used for sizing the flov passages of the develop-
ment injector is given as Appendix D, —_

2.3.1 Puel Orifice

(U) PYour fuel orifices (X003832) were fabricated Auring the co.ise of the

development program, The init{ial fuel orifice (X403832-3) wasx machined to

= osrovide & nominal annular fuel opening of 0.250 inech, + .010 fnch, vhen '
) . sspembled into the X401829-1 development injector assembly., The clean-up .

. digmeter of the X4031829-9 outer oxidizer tube was 12,73} inch while the

‘ 1.D. of the inicial fuel orifice ring {X403832-3) was 13.225 inch. The
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rigure 2-9. 250,000 1b

f Thrust Injector Fuel Jacket Assembly (U)

annular opening as measured prior to delivery of the development injector
vas 0.246, + .001 Llnch. This resuited {n a fuel injection area approxi-

mately ) percent less than the design flow area. The X403832-3 fuel ori-
fice ring was used on test firings 11-15, only,

(U) The second fuel orifice ring vas machined to provide a nominal 0,200
inch annular opening. The X403832-4 fuel orifice ring 1.D. was machined

to & nowinal 13,120 inch which resulted in an snnular fuel opening of

0.201 inches at 7 of 8 places around the circumference of the opening.

The eighth measurement {ndicated an opening of 0,197 inches. The X403832-4
fuel orifice ring vas used on test firings 16-46, incluaive,

(U) Two additional fuel orifice rings (X401832-5) were fabricated and de-
livered to the AFRPL. These fuel orifice rings were finish machined with
the sxception of the I.D. which vas left at the stock diameter of 12,876
inches,

2.3.2 Pintle Tip Assembly

(U) The pintle tip asssemblies (X404408) were built up from the oxidiszer
orifice ring, XA01830-1 pintle tip, and ablative material as required to
fore the configuration shown in Figure 2-10 Six pintle asmaemblies, conefis-
ting of five separate oxidizer orifice rings, were designed, 1In addition,
the orifice ring employed (n the XA04408-1 assenmbly was wod{fied on two
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(U) occasions. The oxidizer orifice
ring configurations are described in
the following sections. The initial
oxidizer orifices were machined into
the blank ring using conventional
ailling machine equipwent. The ad-
ditional three orifice configurations
were machined into the blank rings by
an e¢lectrical discharge machining
(ELM) process. EDM produced more
uniform, higher quality orifices st

a reduced cost vhen compared with con-
ventivonal milling of the orifices.

) Following delivery of the
oxidizer orifice rings by the fabri-
cator the X&03831=1 pintle tip was
welded to the orilice ring and the
ablative protection wvas applied to
the pintle tij. Haveg 41-F cement
vad used for all five pintle tip
sesvnblivs, Haveg 41-F cewment i3 an
asbeston=-phenolic wixture which re-
Figure 2-11 Ialtlal Oxidizer and quires an acid catalyst to cause the
Fuel Ordfice Rimgn (U1 ooy ive to wet.

(U)  Figure 2-11 {5 a clomeup photo=
graph o! the initial pintle tip
annenbly (X60440H~1) and fuel orifice
ring (X403832-1) an ansembled {nto
the injector development asnembly
(X403829-1).

2,3,2.1 oxtdizer Orifica YNo. 1

(UY The inltlal replaceable oxidizer orifice ring which was fabricated for
the development injector (X40)827-1) was a 36 element configuration Ul
(X4038)1=1, "A" change) an showm in Figure 2-12 This configuration waw
selected becaune [t is nearly {dentical to oxidizer nrifice configurstion
employed on the orfginal TRW 250,000 1lbg thrust injcctor (X&03666) which
vas used in the faclility checkout firings (Tests 1-10) at the High Thrust
Test Paclllity (1-56),

(U) The characterinstics of the two oxidirer orifice confipurations are shown
{in rigures 2-13a/2-13b and are tabulated in Table 2-4, As noted in Tahle
2-Aonly one major chanye vas made to the X403831-1(01) oxid.zer orifice

ring when compared with the oxidirer arificr ring uned In tre original

TIW 250,000 lby thrust injector. The only significant change wmade in the
initial development injector oxidizer arifice ring vas in the vall thick-
nese of the orifice ring, The wall thickness vas increased frow 0.25 inch

to sppronimately 0.50 inch to accommodate the Ameriian Standard Buttress
thread wvhich vas used to make the orifi{c  rings replaceable.
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Table 2-4% Initisl Oxidizer Orifice Ring Characteristics (V)

LChcckout 01
Injection Ares, A_., tn? | 13.29 13.61
Prinary Orifice, A, o’ 11.85 12.17
Secoadary Orifice, AO., lnz 1.44 1.44
Unit Width, W, in. 1,10 1.11
Primary Orifice, Hp. ta. 0,450 0.450
Secondarxy Orifice, H.. in, 0.083 0.083
UU-UP. in, 0,65 0.65
Space Factor, Up + H'IUU x 1603 48.5 48.1
Percent “p' UP/UU x 100% 40.9 40.5
Percent sec. flow, Ao.lhol x 100% 10. 82 10,58
Tual Sheat Thickness, Crah’ in. 0.265 0.245
t“hIUU-Up 0.408 0.372
Secondsry Orifice Setback, in. 0.500 0.400

(U) The oriffces ()6 primary plus 36 secondary) fn the initial oxidiser
orifice ring were wachined into the blank ring using conventional milling
operations. Ths weasuremeunt of the 72 individual orifices in the oxidizer
oritice ring vere made using "go/no go" gages., The wmeasurements vere then
chacked with veniar calipers to ascertain the actual dimenanfons of all
orifices. The messurement record is shown as Table 2-5., A total of sweven
out=-"f-tolerance measurements (out of 180 weasurements) vere observed. An
estinate of the injection aves change based on the sctual measuremente in-
dicates an tnicctton area one (1.0) percent greater than the design injection
area (13,4 {n<),

(U) The predicted oxidirer injection &P for this initial configuration 1s
shown in Fijure 1-14 a8 a fuaction of the volumetric flow rate. Actual tast
data for test firings '1-17 is aleo shown for cowparative purposes. The
oxidizer orifice ring vas vater-flowed st AYRPL. Tvo deta pointe were
taken; theee are shown on the dashed line in Fisure 2-14,

2.3.2.1,1 Modification A to Oxidizer Orifice No. |1

(U) The initial zest firings with the X404408-1 Pintle Tip Assombly
(X403831-1 "A" change, orifice ring) indicated axcessive penetration. On
16 Decewber 1968 a waeting was held at AFRFL to review the test results
from test firings 11-17 and to investigate various weans for modifying the
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(U) oxidizer orifice ring to increase the space factor ’(H ¢+ W)/ x IOOIi
It was decided to rework ocaly the primary orifices by 1ncrcgntn|'th. ¥ to
0.584 (from G.450 inch) fnca by using & 5/16 iach end will as showm im

Tigure 2-15, This incressed the total injsction ares to 14.60 1n?, sm in-
crease of 7.2 percent. The percantage of secoadary flovw dacreased tov \BS
percent. This change decreased the 47o/APf ratio, at the design conditions,

from 2.15 to 1.85.

(U The predicted oxidizer iajection AP for this configuration, vith the
predicted fusl injection AP for the X403832-4 fuel orifice riag s showu

in Figure 2-16 as a function of voluwstric flow rate. Actual test data for
test firings 18-2) is shown as the sclid poiuts on Figure 2-lo.

2,3.¢.1.2 “Modiftication B to Oxidizer Oriffce No. 1

(U) After test firing 23 the X404408-1 Pigtle Tip Azsembly (modified
X403831-1 "A" change, orifice ring) was rezurned to TEW for rework of tha
sscondary oxidizer orifices. The "B" modifitcation to the X403831-1 oxidi-
2ot oritice ring consisted of lengthening the secondary orifices by 0.100
inches as shown tn Figure 1-17, This modification tucreased the total
fnjectlon arca to 14,90 aq. inches, an ‘ncrease of 2.0 percent. The per-
centage of sacondary flow incrcased from 9.85 percent to 11.65 percent.
This change permitted investigation of (1) the perceantare of secondary
flow (ltem 2, page 2-2) and (2) lccation of eecondary oxidiger orificas
(leom 5, page 2-2).

2.3.2.2 uxldizer Oriflce No. 2

{U) Oune of tha zajor injactor parsmeters to be investigated in the injec-
tor development program vas the nunber of oxidizer elements. A &8 element
oxldlzer ortfice ving (48 prizmsary plus 48 secondary orifices) vas designed
(TRW X404107) and fabricated., 1hin Adesign is shown as Figure 2~1R. Pased
on data from test firings 11-17 only, the space factor (HP 4 W /UW 2 1001)
vas {ncreased to H7.2 percent, as compared to 48.5 percent for the original
replaceadble cntdizur orifice ring. Tertinent characteriatics of the number
2 onidizer orifice coafiguration are tabulated as Table 2-6. The charac-
tarisatice of the X4038)1-1 oxidizer orifice ring are shoun for comparison.

(U) The ort ices (48 primary plus &8 msecondary) in the X404107-1 "A" change
on{diter orifice ring vere machined into the blank ring using electricsl
discharyie machining, 7Two EDM pasn-s vere uaed on each orifice. On the
primary orificas a roughing pass vae first made; the electrode was then
d-essed off end a final pass mada through the orifice. The finish pass
electrode vas then used as the roughing elactrode for the next orifice.

The secondary orifices were machined using EDM as described in Section
2.3.2.1.2., The individual orifices wvere measured uaing vernier calipera.
The uniformity of the 96 fndividual orifices is spparent in the tabulation
of the engineering measurements shown in Teble 2-7. The indicated oxidiszer
fnjection area i{s less than one-half percent greater than the design injec-
tion area.
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Tabls 2-¢. Charscteristics of Oxidizer Ovitice Ring 2 (V)

l 0l 77 02
lajeceton Ares, 4, tn? 13.61 13.80
Frimary Orifice, ‘op' 1n2 12.17 12,44
Secondary Ortfice, A . 10’ 1.64 1.3
Unit Width, U4, 1n. 1.11 0.830
Primary Orifice, U’. 1a. 0.450 0.475
Secondary Orifics, H.. in. 0.083 0,083
W-Hp. in, 0.66 0.355
Spacs Factor, (Hp * U'/W x 100%) 48,1 67.2
Purcent Up, (Up/L\J x 400%2) 40,5 57.2
Peccent Sec. Flow, Ao'“ot x 1002 10.58 9.85
Puel Shest Thickness, tl-h' in, 0.245 0.201
t“h/LV-UP 0.372 0.565
Jecondary Orifice Setdack, in. 0.400 0.309%

(U) The predicted oxidizer Injection .P for this configuration 1s shown in
rigure 2-19 & a function of the volumetric flow rste. This ring vas ssaem-
bled into the XA04408-2 Pintle Tip Assembly, Figure 2-20, and fired in com-
junction with the X&1)8)2-4 fuel orifice ring on test firings 24~-29 and
40-42. Actual (njection pressure Josees reccrded during thess firings are
shown on Figure 2-19 for cosparstive purposes.

2.3.2.) Cuidizer Orifice Xo. 3

{U) The third oxidiser orifice configuration fabricated snd tested was the
XA04047-1 "A" change showa as Figure 2-21. This configuration is & 36 element
configurestion (36 primary plus 36 secondary orifices) with the same space
factor (W, + Wg/tW x 1001) as the No., 2 oxidizer orifice coufiguration to
allov o df:oct comparison vith the test results cobtained with the 46 alement
configuration (X404107-1), Pertinent characteristica of the number ) oxi-
diger orifice configuration are tabulated as Table 2-8_

(U) The orifices (36 primary plus 35 secondary) vere machined into the
blank ring using electrical discharge machining using procedures fdentical
te those deecribed in Section 2,3.2.2. Pigure 2-22 is a photograph of the
finished part prior to sssembly {nto the X404408-) Pintle Tip Assembly,

The individusl orifices vere weasured using vernier calipers, A tasbulation

of snglueering weasurements for the individual orifices {s ahown {n Table 2-8,
The indicatad oxidizer injection area {» approximately ond-half percent less

than the design i{njection area.
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Table 2-8. Characteriscica of Oxidiser Orifice Rings J and & (U)

[ Lo 04
Injection Ares, ‘ut' 1nz 13,915 14.90
Frinary Ortfice, A, 10° 12.68 13,43
Secondary Orifics, A, in° 1.235 1.45
Unit Width, W, in. 1.112 1.112
Primary Orifice, Up. in, 0.63% 0.590
Sacondary Orifice, H.. fa. . 0.09635 0.106
UH-HP. in. 0.477 0.522
Space Factor, (wp + H./UU = 100X) 66.0 62.6
Percent HP. (HPIUH x 100%) 57.1 54.1
Parcent Sec. Flow, Ao-,Ao: x 100X 8.86 9.75
Yusl Shest Thickness Cean’ 10° 0.201 0.201
tt'h/UU-Hp 0.422 0.383
Sacondary Orifice Setback, in. 0.300 1.000

(U) The predicted oxidizer injection AP for the configuration is shown in
Figure 2-23 as s furction of the volumetric flow rats, This ring wvas assem-
blad into the XA04408-3 pintle tip assembly and fired io conjunction with
the X403832-4 fuel orifico ring on test firings 35 and 36, Actual {njec-
tion pressure losses recorded during these firings are shown on Figure 2-23
for comparative purposas,

2.3.2.4 Oxidigzer Oriffice No. &

(U) The fourth oxidizer configuration fabricated (but not tasted) was the
X403946-1 "A" change shown as Pigure 2-24. This configuraticn is a 36 ele-
want cmfiguration (36 primary plus 36 secondary orifices) with essentially
the same orifice shapes, space factor (Wg + We/UW x 100%) and total injec~
tion area as the "B" wmodification of the X403831-1 oxidizer orifice ring.
The major change in this configuration is in the setback of the secondary
orifice. The setback vas increased to 1.00 inch from the 0.30 inch setback
used on the X403831-1, "B modification, orifice ring. Pertinent charac-
teristics of the number 4 oxidirxer orifice configuration ars tabulated as
Tabls 2-8.

(U) Tha orifices were machined into the blank ring using electrical dis-

charga machining procedures which have bean described previously. A tabu-
iation of engineering messurements for the individual orifices is shown as
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Table 2-10, The fndicated oxidizer injection area i{s nearly identical to the
{njection area of the X403831-1, “B” modlfication, orifice ring. The pre-

dicted oxi izer injection AP for this configuration is shown in PMigure 2-2%
as 8 function of the volusetric flow rats.

(U) This cing vas areembled into tha X404408-4 Piutle Tip Assembly as
shovn {n Figure 2-26. This pintle tip sssembly was not fired during the in-
Jector developmant prograa.

ah
;g%iﬁw;
AR,
Figure 2-26. X404408-4 Pintle
0o Tip Assembly (U)
Load (3 T
L ¥

Filgure 2-25. Predicted Injection
Pressure Loss (U)

2.3.2.5 Oxidizer Orifice No. §

(u) The ~avddd

-ld & —d -
Ths oxidizer ordffics oo

ag desrribed in Section 2,3.2.4 was designed to
operate with a back orifice ring (X404480-1) assembled into the X404408-5
Pintle Tip Assembly. Figure 1-27 fs a photograph of the back ting, X4044B0-1
installed inside of the X403946-1, oxidizer orifice ring. The purpose of

the back ring was to {ncrease the L/D of both primary and secondary ori-
fices by provicing 2 flcy channel for the oxidizer prior to injection.

(U) The component parts for the X404408-5 Pintle Tip Assembly, 1.e., the
X404408-4 Pintle Tip Assembly and the X404480-1 Oxidizer Back Ring, were
delivered to the AFRPL and the final assembly was made at the AFRPL. Tack

velds vere used to retain the back ring in ite proper orientation. This
configuration was tested on teat firing 44 and &S5.
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Tigure 227, X&04408-3 Pintle Tip Assemdly
Showin; X406480-) Back Oxtdiger
Ring (V)

2.3.2.6 Oxidizer Orifice No, 6

{(U) The sixth oxidizer configuration fabricated was the X404108-1 shown

in Figure 2-28. This configuration is a 48 eledent configuracion (48
primary plus 449 secondary orifices) vwith essentially the same orifice shape
facctor (W, + W /UW x 100Z) as the "B modificatien to the X403831-1 oxidizer
orifice rYng. The percentage of wecondary flow was reduced from a nominsl
10.0 percent to 4.8 percent of the total flow. Pertinent characteristice

of the number A oxidizer orifice configuration sre tabulated in Table 2-11,

(U) The oriflces were machined i{nto the blank ring using electrical dis-
charge machlning procedures which have been described previcusly. A tabu-
lation of engineering measurements for the individual orifice 1is sliown as

Table 2-12. This orifice ving configuration wam utilized on test firings
108, 109 and 110.

2.4 COMPONENT DESIGN - DEMONSTRATION INJECTRR

(U) The design of the demonstration injector assembly (X404056-1) 4is shown
as Figure 2-28, Figure 2-29 shows the injector during final assembly prior
to shipment from L. W. LeFort Co., Anahein, California to AFRPL. The in-
jector assembly {s nearly {dentical to the development injector assembly
(X403829-1) described in Section 2.3. The major change in the demonstration
injector design from the development injector is the incorporation of the
oxidizer orifice ring into the centerbody assembly by welding rather than

by means of a buttress thread.

(U) Oxidizer enters the injector through an B-inch diameter, 300 1b ASA,
welding neck flange located on the injector centerline and flows through
the X404056-9, oxidizer tube, The oxidizer flow is turned 90° by the con-
tourad pintle tip, X403C30-1 and is {njected radially through both primary
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04 06
*. | Injection Area, A tn? 14.90 12.97
. Primary Ortfice, A, in? 13.45 12.3
Secondary Orifice, Ao., inz i 1.45 0.63
Unit Width, UW, in. 1.112 0.834
Primary Orifice, Hp. in. 0.550 C.419
Secondary Orifice, w‘. in. 0.106 0.080
Uw-wp. in. 0.522 0.415
Space Factor, (wp + w_/uw x 100%) 62.6 60.0
Percent Wp. (HP/UW x 100%) 54.1 50.3
Percent Sec. Flow, Aoa/Aot x 1002 9.75 4.80
Fuel Sheet Thickness, tfnh' ia. 0.201 0.201
‘z.h/u"’"p 0.385 0.497
Secondary Orifice Setback, in. 1.00 0.545

UNCLASSIHED ;329-26360:-113-00

Table 2-11. Characteristics of Oxidizer Orifice Rings 4 and 6 (U)

and secondary orifices. The ouxidizer orifice ring employed in the demon-
stration injector wvas based on test results obtained in the injector de-
velopmant phase of the program. The orifice ring contzins 36 elements
(primary orifice plus secondary orifice) and is described ia Sectiom 2.4.1.1.
The pintle tip is protected with ablative material (HAVEG 41F) cement.

HAVEG 41-F cement is un asbestos-phenclic mixture which uses an acid
catalyst to causa the mixture to set.

(U) The fuel enters the injector through a single 6 inch diameter, 300 1lb
ASA, velding neck flange where it flows into a manifold fabricated from
four 6 inch diameter, 90° elbows of schedule 80 pipe. The fuel flows
through eight, 3 inch diameter, distribution orifices equally spaced around
the outer fuel jacket (X404056-10) into an internal plenum created by tha
fuel jacket and fuel sleeve (X403833-1). Fuel flows frcm this plenum {nto
the znuular opening created by tha fuel jac et and injector centerbody.
Fuel is injected into the combuation chamber as a hollow cylindrical sheat
through the 0,200 inch annular opening created by the machine surface on
the injector centerbody and the fuel metering orifice (X403832-1).

UNCLASSIFIED
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Figure 2-79, X4D4036 250,000 1by Thrust ; ‘

Demonstration Injector Assembly
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2.4,1 Pintle Tip Assembly

(U) The pintle tip assemblies T
(X404280~1) are built up from the ‘
oxidizer orifice ring (X404693-1), the !
X403830-1 pintle tip and shlative
material as required to form the con-
figuration shown in Figure 2-31, The
orifices in th=2 oxidizer orifice rings
were machined into the blank rings by
ar electrical discharge machining (EDM)
process. EDM produced more uniform,
higher quality orifices at a reduced
cost vhen compared with conventional
milling of the orifices. !

(U) Following delivery of the oxidi-
zer orifice ring (from the EDM fabri-
cator) the X403830-1 pintle tip was
welded to the orifice ring and then
welded to the injector centerbody.
The ablative protection was then
applied to the pintle tip. The LeFort
Co. applied the HAVEL-41F cement to
the tip. HAVFEG=41F cement was used
for all pintle tip assemblies. The
cement is an asbestos~-phenolic mix-
ture vhich requires an acid catalyst
to cause the mixture to set.

2.4.1.1 Ring, Oxidizer Orifice

(U) The oxidizer orifice rings fabri-
Figurc 2-30. Demonstration Injector cated for the demonstration injectors
During Final Assembly were made to TRW drawing X404693-1 as
w) shown in Figure 2-32. This configur-
ation was selected on the basis of
test results obtained in the {njector development test program. The
X404693-1 configuration (36 primary orifices plus 36 sccoundary orifices) is
based primari{ly on the OlA configuration (Section 2.3.2.1.1) tested during
firings 18-23,

(U) The pertinent design characteristics of the X404693-1 oxidizer orifice
configuration are tabulated as Table 2-13, The deaign characteristics of
! the OlA oxidizer orifice ring are shown for comparative purposes. [wo
sajor changes are evident; the total oxidizer injection srea has bdeen in

5”W4 creased to 15.97 sq. inches, while the percentage of secondary flow has

1 been decreased to 9.1 percent of the total flow area. This clange resulted
in an oxidizer injection AP of 100 pai at the design operating point.
Operation at this AP had been demonstrated in the injector development
phase of the program.
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Table 2-13, Characteristics of X404693-1 Oxidizer Orifice Ring (U)

X404693-1 X403831-1 (“AY chlnﬁ:L
lnjeceion Ares, A, 1n? 15.97 14.60
Prinary Ortfice, A . tn? 14.53 13.16
Secondary Orifice, Aos’ 1n2 1,44 1.44
Unit Width, W, in. 1.10 1.11
Primary Orifice, UP. in, 0.584 0.584
Secondary Orifice, U', in. 2.083 0.083
(!H-Hp). in. 0.516 0.526
Space Factcr.(ﬂp + HJVUN x 100X 60.6 60.1
Percent HP, UPIUH x 1002 $3.1 52.6
Percent Sec. Flow, Aon/Ao: x 100% 9.1 9.8%
Fual Sheet Thickness, :flh' in. 0,200 0.200
ch'/(w-w‘) ‘ 0.390 0.388
Secondary Orifice Setback, In, 0,425 0.400

(U) The orifices (36 primary plus 36 secondary) in the oxidizer orifice
rings were machined into blank rings using an electrical discharge machining
(EDM) process. Two passes of the EDM tool vere used on each orifice., On
the prianary orifices a roughing pass vas first made; the eluctrode was than
dressed off and a finish pass mude through the orifice. The finish pess
electrode vas then used as the roughing electrode for the next orifics.

The secondary orifices were machined using the EDM process slso. In the
first pass the 0,083 by 0.500 slot wes machined normal to the workpiecs
surface. In the second pass the 30° angled fsed slot was machined from the
inside of tha ring leaving the 0,030 inch mwetering flat.

(U) The individual orifices of each of the three demonstration injector
oxidizer orifice rings were measured uaing vernier calipers. Thc unifor-
mity of tha 72 individual orifices is apparent in the tabulation of the
enginssring =easuremente shown {n Tables 2-14, 2-15, and 2-16 for the three
orifice rings. The area of the primary orifices for the three rings varies
from 0 to 1 percent greater than the design area. The secondary oxidizer
flov aress vary from 9.1 percent to 9.4 percent of the total flow area.
This results in an oxidizer injection area vhich is greater than the design
injection area by 0.3 percent for the S/N 002 ring, and by 1.5 percent for
the S/N 001 and S/N 003 rings. This area change results in a predicted
oxidizer injection QAP of approximately 97 psi as compared with the design
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2.5 COMPONENT DESIGN - THRUST CHAMBER

(C) The design point conditions vere used to size the thrust chsmber for a
noizle stagnation prassure, P,, of 300 psis. The chamber design is shown
vn drawing X403646-1 (Figure 2-33) and Figure 2-34 is a photograph of the
second chamber prior to shipment to the AFIPL. The throat diameter, D e is
calculated as follows:

Ne X Ch U

theo "1 2
At - P g */4 Dt

‘ *
0 _[“"c % “theo "r]
t TR 8

PYor a combustion efficiency of 94 parcent the required throat diameter is

or 1/2

1/2
4 x 0.94 x 5596 x 980
D = [ x 300 x 32.17 ] = 26.10 in.

The pertinent internal geometry characteristics of the chamber design are:

Throat Diameter, Dt - 26.1 inch
Chamber Diameter, Dc -~ 39,0 inch
Nozzle Exit Diameter, Dc - 52,2 {och
Length of Chamber =~ 36.5 inch
Nozzle Length - 50.25 1iach
Overall Length - 96,5 inch
Contraction Ratio, € - 2.22
Expansion Ratio, €n - 4.00
Chamber Length/Dc - 0.94
Nozzle Half Angle - 15°

L» = 70 inches

2.5.1 Combustion Chamber

(U) The combustion chamber material was USS T-1 steel in all aress except
the long veld neck flange (X403646-9) which is ASTM A-181, Grade II, carbon
steel. The head (X403546-8) is & 2:1 ASME Code alliptical head of T-1
steel, 39.0 inch 1I.D. by 0.5 in. wall thickuess suppliad by the Universal
Head Co. Joliet, Illinpis, The plice sections of the chamber and the nozszles
are 0.50 inches thick. In the throat region the minimum thickness is 0.8
inchee. The throat section (X403646-3) was fabricated from 2.0 inch thick
T~1 stesl plate, The internsl] contour was machined with a tracer latha, The
allowable run duration at the full rhrust condition is approximately 2
seconds to limit inside surface wall temperatures to approximatsly 1700°F,
The results of the thermsl analysis are presented {in Appendix B,
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Figure 2-34. X403646-1 Thrust Chamber Assembly (Grano Steel) (U)
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\I . (U) The initial combustion chamber

. . delivared to the AFRPL was modified
) sfter the initial 22 test firings.
'O‘;/‘SEMT'O" PLANE In order to deternine the effsct of
chaaber length on performance & 24 inch
- long cylindrical section vas added to
) the bageline X403646 chamber as showm
ﬂ/l___ l in Figure 2-35, The cylindrical sec-

M ‘/] 205-101 Cmbu.tion G\lﬁ.t - Mi‘t-
S cation 1
i "

- ® tion vas rolled from 1/2 inch T-1
l #ax steel plate, veldsd, chamfered and

B delivered to the AFRPL for welding
8.0 ADCI-;_D. ) into the development thrust chamber.
. This combustion chamber was employed
240 T SEhORAL on test firings 35-46, 101, 102 and

—A B LTOAWTHIN I° 108-110. A 12 {nch longer chamber

(modification of the facility chechout
chazber) vas employed on test firings
33 and 34. The modification of this
chamber is described in Appendix A,
Section 1.2.2.1.

Figure 2-35. Modification 1
and 2 to X403646-1 (U)

(U) This chamber was also used in the checkout of the S/N 001 and S/N 002
demonstration injectors (X404056-1) ducing test firings 72-77 gnd 98-100.

2.5.1.1.1 Combustion Chamber - Modificaticn 1A

(U) After test firing 77 a turbulence ring (X404469-1) was welded into
the lengthened development combustlon chamber assembly. This chamber
configuration (X403646-14) was used on test firings $0-93,

2,5.1.2 Combustion Chamber - Hodification 2

(U) The second of the two original heat-sink combuation chambers daliverad
to the AFRPL was wodified in wmuch thc same manner as the initial development
combustion chamber. An 18 inch long cylindrical section was rolled frow

T-1 steel plate, weided, chanfered, and delivered to the AFRPL for welding
into the X403646 thrust chamber at a point 19 inches downstreaw of the
thrust placte. This chamber was not used in any test firings as a heat-

sink thrust chamber.

(U) The /N 002 chamber was lined with s luw-cost gypsum-phenolic insula-

tion at AFRPL by personnel of the Insulation Systems Inc. This lined cow~
bustion chamber was rest fired on 4 June 19643 (Teet FPiring 78) for ap-
proximately 10 ssconds to check Injector durability and materisl perforuwance.
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2.5.2 Thrust Mount

(U) The thrust mount consisted of a 3/8 in. thick support ring {(X403646-6)
fabricated from T-1 steel plate 11.0 inch wide by 135.0 inck long. The
support ring vas velded to the cylindrical chasber section dovmstreas of
the veld vhich connected the semi-elliptical head (X403668 8) (o the cylin-
drical chambsz body (X403668-5). Shims were used to space the -6 support
ring so that a minimus 0.040 in. clearance vas maintained betveen tha sup-
port ring and main chamber section. The thrust mount ring (X403668-7) was
fabricated from 1.00 inch thick USS T-l ateel plate which was velded to

the support skirt. The mounting hole pattern vas 20, 1-1/8 inch dismater
bo{!!. on & 46,0 inch diameter bolt circle,

2.5.3 Instrumentation Ports

(U) Instrumentation and pulse gun bosses vere added to tha basic thrust
chanber asseibly (X403646-1) as shown on TRW drawings X404053-1 and
X404097-1. Three tangential pulse gun bosses and two radial pulse gun
bosces vare added to the combustion chamber as shown in FPigure 2-36, Theses
bosses vere located in the same plane approximately 6.0 inches below the
impingement plane, Four bomb bosses vere installed on the thrust chamber
assembly as shown in Figure 2-36. Two of the bowmb bosses vere ingtalled

in the elliptical head; the other two were added in the combuation chamber
section.

(U) Four Photocon pressure transducer ports (1.00 - 14NF-28-2B thread)
wat+ tapped in the basic pressure shell. Three ports vere in the same
plane 23 the pulse gun bosses; the fourth port was located just upstream
of the convergent secticn, in lina with the 180° port at the puise-gun
plane. Your 1/4-18 NPT standard pressure ports wera aleo installed in the
basic pressure shell for making static pressurs measurements,

(U) 1In additifon to the pressurc taps a total of 50 thermocouple ports
(1/4<18 KPT) were inatalled at 6 planar locations as shown on TRW drawing
XA0A097 (rigure 2-37), Not all of the thermoccuple ports were used on all
tact firings.

2.6 ACQUISITION COSTS

2,6.1 Developmant Hardware

2.6.1.1 Derveslopment Infector

(U) Cme cowplate development injector assembly (X403829-1), three addi-
tional pintle tip assemblies, three fuasl orifice rings (X403832) and one
blank oxidiszsr orifice ving (X403531) were fabricated and delivered to the
AFRPL. The orxifices in “he fuitial oxidizer orifice ring were machined
into the blank rings using conventional mi{lling processes. The orifices
in the oxidizer orifice rings ussd in the Pintle Tip Assemblies (X404408)
vere machinad into blank rings using an electrical discharge machining
(EDM) process.
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(U) Acquisition costs for the development injector lLardvare are tabulatsd
as Teble 2-17. Thc costs include TRY Systems material handling and G&A
charges but do not include fee. The major coat component of the develop~
mant injector assembly is the Pintle Tip Assembly (X404408) which consiets
of the oxidizer orifice ring, pintle tip and ablstive insulation. Tho oxi-
dizer orifice ring is the most costly of the threae componsnts of tha Pintle
Tip Assembly.

2,6.1.2 Combustion Chambers

(U) Two heat-sink combustion chambers were fabricated for use with the de-
velopment injectors. The basic combustion chambers were fabricated to TRW
drawing X403646. Pulse~gun and bomb bosses were installed per TRW draving

X404053, The 50 thermocouple bosses were located as shown on TRW drawing
2404097,

(U) The two cliambers were fabricated by Jdifferent fabricators; Capital
Wegtward, Inc., Paramount, Calif. fabricated the S/N 001 chamber which was
used in all development firings, except firing number 78. The Grano Stzel
Co., Los Angeleu, Calif. fabricated the S/N 002 chsmber which was uced for
firing oumber 78, only. Tha total cost of the two chambers (with instru-
mantation and thermocouple bosses) and including nuts, bolts and gaskets
for the injector mating flange is shown in Table 2-17. As was the case for
the injector these acquisition costs include TRW Systems material handling
and G&6A charges, but do oot include fee.

Table 2-17. Development Hardware Acquieition Costs (U)

Injector Assembly

X4u829-1 $6350
Pintle Tip Assembly

X404408-2 $§1775

X404408-3 1595

X404408-5 1830

Fuel Orifice Ring

X403832-3 $ 278
X403832-4 278
X403832-5 278

Oxidizer Orifice Ring

X403831-1 (Blank) $ 310

™)
Combustion Chamber

X603646-1 (2) $14,000

NOTEZ (#): Includes instrumentaticn ports, thermocouple
boases, nuts, bolts, and gaskets
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2.6.2 Demonstration Injectors

(U) Three demonstration injactor assemblias (X404056~-1) were fabricated

and delivered to the AFRPL. The injector assemblies vere all fabricetud

to the same drawing., Neither the funl or oxidizer orifices are replacaable.

. The orifices in the oxidizer orifice rings used in the Pintle Tip Assem~

) blies (X404280) were machined into the blank rings using an electrical dis-
charge mschining (EDM) process. Fabrication techniques wvere nesarly identi-

. cal to that employed on the development injector assembly (X403829-1).

(U) BRaquasts for quotations vere submitted to ten fabricators. Responses
to the RPQ vere received froa six of the ten fabricators. The successful
bidder was the L. W. LeFort Co., Anaheim, Calif, The LeFort Co. did all
of thi €abrication with exception of the oxidizer orifice ring. The
Brackell Co., Culver City, Calif. machined the orifices into the ring using
an EIM process. The LeFort Co. also fabricated the ablative pintle tip
using Haveg 41V cewment.

(U) The unit costs for quantities of 1, 3 and 10 injector assemblies are
given in Table 2-18. As in the case of the development hardware the acqui-
sition costs include TRW Systems material handling and G&A charges but do
aot include fee. The unit costs quoted by the six fabricators for three
assemblies varied by +23 percent of the median value. In all cases the
quoted comts indicated a 95 percent shop learning curve.

Table 2-18, Demonstration Hardware Acquisition Costs (U)

Ini{ector Asseubly

X404056-1
Quantities 1 C0
k} $420u
10 $3790
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SECTION 3.
TEST RESULTS

3.1 SIMgHaRY

{U) The rssults of the Task I test effort are summacized in this section.
Detailsd discuasions of each test series are given in the following sections,
togezher with daca reduction procedures and ¢ tabulation of test hardware.
The Task I test effcrt vas essentially divided into three pt ises as follows:

Phase 1 Facility Checkout
Phase II Injector Development
Phase 111 Demonstraticn Injector Checkout

All of the testing was of short duration in a hest-sink thrust chamber

vith one exception. That exception was firing 78 which was of approxinately
10 secunds duration in & lowv-cost gypsum—phenolic lined heat-sink combustion
chamber.

3.1.1 Pacility Checkout Firings

(U) A total of ten facility checkout firings were made during the month

of October 1968 using the TRW 250,000 1bf Thrust Injector Aasenbly (X403666)
and Thrust Chambar Assembly (X403668). The combustion chamber has a 63-inch
L#, 0.87 length to diameter ratio, and a 2.1 contraction ratio. The initial
test firing in the series vas a short duration Ignition Transient Test aand
2o data for that firing was furnished TRW Systems Dy the AFRPL. Some winor
operating difficulties sith the oxidizer feed system were observed during the
test series. Tha welds holding the fuel distribution weir in place wecre
found broken after the test series. This alloved the welr to become cocked
and vas assesued to be the probable cause of propellant maldistribution
observed {n the movies of the test firings.

(U) The computed specific impulse effictiency Nlsp for test firings 2-10,
sxcept 3,1is shown in Figure 3~1 as a function of wixture ratio., The lep

1s based on the theoretical specific impulss for am € = 2,0 at the com-
puted nozzle stagnation pressure and s 13.2 psia ausbient pressure. The

N 1ap 8re approxima.ely 6 parcent lower than cfficieicies which would be
rnulgxad in a conventional 4:1 neszle with a 15° halt-sngle. The 6 percent
loss is dus to the very lov "cp measured in the 2:1 noesle with 20° half
angle.

(U)  The computed combustion efficiency (" ca) 1s shown in Figurs 3-2 as &
function of mixture ratio. The peak efficiency is strongly dependent

on the oparating wmixture ratio and indicated excessive penetratfon of

the fuel sheet. This results in s fuel rich core and oxidizer rich mantle
vith a drop-off in performance as mixture ratio is increased.

(U)  similar behavior vas exparienced witl the initial dewelopment orifice
ring (0l1), and led to an incresse in the percentage open of the primary

ifice.
o CONFIDENTIAL
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3.1.2 Developkznt Injector Firings

(U) A total of forty-one test firings vere made with the developrient
hardware to obtain performance, heat transfer, and stability date. Eight
injector configurations (fuel-oxidizer orifice configurations) were tested
in three different heat~sink chamber configurations (L* of 70, 88 and 120
inches)}. fThe inftial i{njector configuration tested (01/rl1) failed to pro-
duce test results which duplicated the results obtained with the facility
checkout injector. The lowered performance wvas attributed to excessive
oxidizer penetration of the fuel sheet resulting 1a a fuel rich core and '
oxidizer rich mantlie. The oxidizer orifice ring was reworked to the 0lA ]
configuration which provided additional blockage. In addition the fuel in-
jection sres was reduced (to increase fuel injection velocity) with the F2
fual orifice ring. Both 36 and 48 element oxidizer orifice rings vere tested
during the three month development phase. The OlB/F2 (36 element) and 02/F2
(48 elevent) injector configurations produced nearly identical psrformance

at the design aixture ratio. Threa chanber langths were inveatigated with
the 018/F2 injector configuration.

(U) The thrust vs nozzle stagnation pressure graph for firings 11-32 and
35-46 indicated a constant thrus: coefficient C, for all mixture ratios and
nozzle stagnation pressures between 200 psis and 300 psfs. Teat firinge

33 and 14 employed a chamber with & 4:1 expansion ratio and 20° half-angle
and resulted in a somewhat lower n... Figure 3=3 shows the thrust as a "
function of nozzle stagnation preosgrc.

(U) The specific impulue efficiency of the Ol1A/F2 (36 element), O1B/F2 (36
slemant), and 02/F2 (48 element) injector configurations is shown in Figure
34 ss a function of mixture ratio. These tests vere conducted in a base-
1ine heat-sink combistion chamber with an L* of 70 inches, L. of 36 inches,
and a length to diameter ratfo of 0.87. The data for firings 18-21 sad 30-
32 are shown as one group representing the 36 element oxidizer ovifice con-
figuration. TFigure 3-5 shows the combustion efficiancy for the same three
{njector configurations. Again the data for firings 18-21 and 30-32 are
shown as one group.

(C) The paxizum performance was achieved with the thirty-six element oxi-
digev orifice configuration operating at nearly 60% open srea. This per-
formance, both in 1ep and Mce vas at the low end of the aixture tatio
operating regize., At ths design oixture ratio the maxipum performance vas
achisved with the 316 element oxidizer orifice configuration.

(U) In addition to investigating various injection parssatsrs to determine

the effect on performance the chasber length was varied for another series

of testa. The OlB/P2 injector configuration was used for this test series.

Pigurs 3~6 shows the specific impulee efficiency, Mygp, for three aixture

rotios at three discrete chember iengths., Ths pscforssnce for the 2.4 and

2.% mixture ratios are sssentially ccnstant for chamber lengths 12 inches

or longer than the baselfna chamber length. This 1% due to- thesflattening -
of cosbustion efficlency curve, ca, as shown in Pigure 37, The increased
chsmbar length results in a greater performance iucresse st the extremes

of the mixture vatio operating rigime,

CONFIDENTIAL




CONFIDENTIAL e

240

2%

220

210

200

Thruat, 1000 lbg

190

0

180

170

fal}

? 160 il e e SR TEE I T 2K
220 240 260 280 00 320
| Nozzle Stagnation Presaure, psia

(C) Figure 3-3, Mecasured Thrust - Development Injector Firtngs (U)

: CONFIDENTIAL

oy

R -

e - s




"lsp

78

76

74

72

COMFIDENTIAL

11199-6006-~k8-00
Page 3-5

2.0

PSS ppsss

|

i

H
Aeevedereitona
M .

t

b

Lol

B

2.2

(C) Figure =45,

%0

a8

78

~i
[-

pre coema
'

F“"'?"" B

2.6

2,8
Specific lepulse Rfficiency - Haseline Chamber (U)

3.0

T

T

2.9

2.2

2

o4

2.6

2.8

3.0

Mixture Ratio
Combuation Efficiency - Bagelins Chamber (U)

. CONFIDENTIAL

(C) Figure 35,




- e e e .
° LY - L[] - - “
t
L}
r K
4 panyd ~~ m
—— 2 e N
; Toewmmt msee—e— s = E e ! ~
' Y n...w- |_.. oL o~ W ).m 4 ® 2
m . . . n v ~ lﬂ .=y 2 q
8 T T e T R g B ™ 5
. . . 3 N H ! -t
’ » - s ~|.t. - .—.ll ...I-.lv - U m
e a ,
b+ i e 3 e
39 . *_ T S
- By = = -
v 3
1= -t Pl
b &
- - ® .w.. 3
C ot
= | g e ° 5 § e
q A : 2
; - le & -—
. = P
m :l.m mo 1 o ou
+at s ERER -
‘ c =] ; .M L.u.
LY ” 5. mrbm et e BER
0 2% § i A
,.'1e m ‘
L
E =t s om
Z 63 T 2
» . Lo R -~
o o “ ey ILTJ - ———1 " °
v ot g . v
u2 . t -
‘ - - .l.l. I._ e H
< g I ) "~
B * A P 5
v " e "»
« 3 /M =
o= lnh. : , ' . ' . { n 10 —
. ” e e - RS SV SN G- 2
PR = 2
. 2 $ % 8 3 8 3 ¥ 3
- -
- =
{ ]
& e d,,, i AII“.I




CORFIDERTIAL pursye

3.1.3 Dewonstration Injector Firings

(Q A total of fourteen firings were made using two of the three identical
dewocnstration injectors which were fabricated (see Section 2.4). Eleven
firings were made with the initisl desonstration injector delivered to the
AFRPL (S/N 00l) while only three 2irings wvere made using the S/N 002 injec~-
tor. The initial eix firings of the S/N 00l injector wers made in the
60-inch long (L* » 120 inches) heat-sink cowbustion chamber; the seventh
firing was of approximately 10 seconds duration in the 54-inch long (L* =
108 inches) heat-gink combustion chamber which had been iined with s low-
cost gypsum—~phenolic {nsulation. The final four firings of ‘as S/N 001
demonatration {njector were made using the 60-inch long chamber with tur-
bulence ring (X403646~14). During the initial three ghztkout firings of
the S/N 001 demonstration injector high amplitude oscillations at a 5000
cps frequency wvere experienced in the oxidizer feed system. The three
checkoyt firings of the S/N 002 deacnstiation injector vere made using the
60-inch long heat-sink combustion chamber (without turbulence ring).

(U) Thrust measurements for test firings 72-77 and 90-93 with the S/N 001
injectcr indicate a constant thrust coefficient C,, for all mixture ratios
and nozzle stagnation prassures betveen 200 psia ‘nd 300 psia. For test
firings 98-100 with the S/N 002 {ajector there is an unexplained loss of

4 percent in Ct as indicated in Pi{gure 3-8

(U) Pigure )-9 shovs the calculated specific impulse efficiency for the

8/N 001 demonstration injector checkout firings at s nominal 300 psia

(72-75}, S/N (01 {njector firings in the heat~sink chamber with turbulence

ring (90-93) and the S/N 002 demcnstration injector checkout firings (98-100).

The data from the S/N 001 injector firings in the 60-inch heat=sink combustion

chamber with turbulence ring indicate an approximate one (1) percent increase

in specific impulse efficiency over that obtained on firinga 72-73 slithough

the data from fivings 72-75 is so widely scattered that a valid comparison
~18 not possibla.

(C) The specific impulse efficlency calculated for the S/X 002 demonstration
injector (test firings 98-100) i{ndicate a perfurmance level approximately
tvo percent lower thsn the n measured during firings 72-75 with the

S/% 001 demonstration 1njcct3=? Pigure 3-10 shovs that the lower specific
impulse efficiency is not due to a loss in combustion efficiency since

the cosbustion performance of the S/N 002 damonstration injector is at
least equal to or grsater than that messured wich the S/N 001 demonatcation
injector, Since the thrust coefficient efficiency is roughly four (4)
percent lover than measured during test firings 72-73 tha loss in specific
impulse efficiency is spparently due to erroneous thrust measureaents or
chamber pressure messurements or a combination thereof,
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3.1 DATA REDUCTION PROCEZDURES

(U) The tast results presented herein are derived from computer printout
data furnished TRW by the AFRPL. The AFRPL furnished TRW reduced perfor-
mance data for test firings 2 through 17 and general performance data for
tesc firiage 18 through &6, 72-78, 90-93, 98-102, and 108-110. TRW Systems
reduced the latter 48 firings; standard dats reductiom procedures were
employed throughout.

(U) The theoretical I and C* data for tha pressure rangs of 200 psia
300 peia and mixture ralio of 1.80 to 3.20 (0/?) were curve~fit and used
in aquation form to compute the theoretical I _ and C% In genaral, the
noszle stagnation pressure used to compute thdPtheoretical I__ and C* was
based ou correcting the injector and chamber prassure neasurlBents for the
pressure lose betwoen nozazle throat and injector. This correction asaumed
isentropic flow in the nozzle and s epecific heat ratio vy, of 1.235, De~
tailed data reduction procadures used in arriving at the test results are
given in Appendix C.

3.3 TEST HARDWARE

(U) The test hardware, including infector configuzaticn, uwed in the 65

test firings is tabulated as Table 3-1. The initial 10 test firings employed
the TRW 250,000 1bf thrust engine which was test fired in 1967 at a re-
duced chamber pressure of 6C puia and approximastely 50,000 1bf thrust.
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(U) The test hayrdware vas wodified to allow operstion at rated conditions.

These modifications sre described in Appendix A. The development injector
assembly (X403829) vas used in test firings 11 through 46, Various injec-
tion orifice configurations were tested. The X403646 developmen= thrust
chanber assembly was employed in test firings 11 through 46 except for 33
and 34 which used a modified X403668 cthrust chamber.

(U)  The demonstration injector assembly (X404056) was used in test firings
72-78, 90-93 and 98-100. The X403646-11 development thrust chamber was
used in test firings 72-77 and 98-100. The X403646-10 (insulated with a
low-cost gypsun-phenolic insulation) was used for the 10 second teat firing
(aunber 78). The X403646-14, modifiad to include the turbulence ring was
used on test firings 90-93.

(U) The last two test series conducted in Task 1 (101-102 and 105-110) were
made usiug the davelopment injector assembly (X403829), and the X403646-11
developmant thrust chamber assembly

3.4 DETAILED TEST RESULTS

3.4.1 Facility Checkout Firings

3.4.1.1 Performance Dats

(U) Test results obtained in the initisl faciliry checkout firings (2-10)
are digcussed in the following paragraphs. Ten firings vere nade vith the
X4603666/X403668 Injector/Thrust Chamber combination (L* = 63 inches). Test
firing 1 was a very short duration start trausient test and no data for this
firing was furnished to TRW Systeus.

(U) rigure 3~11 shows the measured thrust as s function of nozzle stagna~-
tion pressure. The nozzle siagnation pressure is the average of tha two
head-end pressure transducers (PC~1 and PC-2), corrcected for an €. & 2.10
and & ¥ = 1,235, for test firings 2 through 8., For teat firings 9 and 10
the nozzle stagnation pressure is computed from PC-1, conly. Thrust dats for
test firing ) 1is not available. The data for test firing 8 falls outside
of the jormal band of data. This is due to an unusually high PC-2 measure-
wment which results in a P, average higher than normal. Information re-
quired to ascertain the cause of the high PC-2 seasurvment is not available,
This high PC-2 for test firing 8 also results in s lowvered C¢ and Ncp shown
in subsequant sections. The computed specific impulse efficiency, Nigpe 1
shown in Figure 312 as a function of mixturs ratio.

(U)  The computed combustion efficiency, Nca, for this test series {s shown
in Tigure 3-1) as a function of mixture ratio. The nozsle stagnation pres-
sure in the C* aquation is computed from the average of PC~1/PC-2 for firings
2 through 8, and from PC-1 only for test firings 9 and 10, The dashed

curve on Figure 3-13 {s for s combustion efficiency based on the noz:zle
stagnation pressure computed from the PC-3 (nozszle entrance pressure mea-
suresent. The PC-3} messuvenent wvas availsble for firings 9 and 10 only.

The ratio of PC-1/PC-2 (average)/PC-3 for test firings 9-17 was 1.071 which
results in a 8 term value (Appendix C) of 0.9682, This value was used to re-
compute the combustion efficiency based on nozrle entrance pressure.

{l'his page pl unclasseified,)
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(C) The computsd aozszle efficiency, "cy, for this test ssries is shown in
Figures 3-14 sand 1-15 as 8 function of mixture ratio snd nozzls stagnstion
preasurs respectively, The nozzle efficlency is based on a nosxzle stagna-
tiocn pressure cosputed from PC-1/PC-2 avarage for test firings 2-8 and fromx
-PC~1 for test firings 9 and 10. The mean ncazle efficiency over the sixture
ratio range of approximately 1.70 to 3.30 (0/7) is 0.903 witk a range of

+ 0.018 st a nominal nozsle stagnation pressure of 275 psia. Mo trsnd with
mixture ratio is apparent. Theoretical calculatioas for mixture rstios of
0.5 to 10.0 (0/Y) show lass than 0.3 percent variation in the thsoretical
thrust coefficient. Mgure 3-15 indicaces higher noxzzle efficiency at lower
pressures (less under expansion as shown {n Pigure 3~15). The expacted "cp
for the 2/1 sxpansioca ratio, 20 degree hazlf-angle conical noszle was 0.955.
The differeunce of upproximately 5 percant between the computed "oy, the
thaoretical Ncy 1s unexplained.

3.4.1.2 lajector tharacteristics

(U)  7The fuel tnjection pressure loss (&4P;,) varied cousidarsbly during
the course of sost test firings. The injector conductance, XIJCF, is
plotted in Pigure 3-16 as a functicn of time. The injector coudurtance is
defined as

K1JCr = SL—JE—-

———
»AF’S!

(3-1)

and should be iavariant for s fixed ares injection orifice opersting over

8 narrow range of volumetric flow rates. This behavior vas unexplained
until the test series was completed and the test hardware vas returned to
TRW Systems. Upon disasgsembly of the injector, the tnner fuel shell (weir),
P/N X403666~7, was observed to be cocked 1in the fuel jacket as shown 1
Pigure 317, All velds holding the weir in place were broken. The time
dependent KIJCY vas probably due to this defective component. Examination
of the high speed motion pictures taken of the test firings show a pro-
pellant maldistribution which 1s also asttributed to this condition.

(U) The engine aegfarnn e cannot be shown as a function of the scaling
parameter [(AP )¥+2(u)0.4] due to the tnvalid ap measuresents, The
injector conduétence for the oxidizer side, KIJC&{ is shown in Pigure 3-18
88 a function of the volumetric flov rate. The noainal discharge coefficient
computed frow the following equation:

1.495

ic - -

is C.730 which compares with the value ¢f 0,74 predticted from water flow ’
data Appandix A.

3.4,2 Development Injector Firings

3,4,2,1 Test Series 1 and 2 -~ Firings 11-17
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3.4.2.1.1 Performance Data

(U} The fual and oxidizer orifice configurations selected for the initial
firings of the davelopment injector sseesbly (X403829) were chosen so as
to duplicate the featurec used in the facility checkout injector (X403666).
The fnitial test results obtained vith the X&404408-1 Pintle Tip Aseembly
failed to duplicate the Rest vasults obtained with the facility checkout
hardware. The failure to schieve the game performance is attributed to the
ainor design changes wade in the oxidizer orffices ss described {n Section

00.1.

(U)  rigure 3-19 shows the weasured thrust as s function of nostle stagna-
tion pressure. The nozzle stagnation pressure is the average of two injector
end precssure transducers (PC~-1 and PC-1), corrected for an tC = 2,25 end o
Ye 1.235. The computed specific impulsec efficivncy, "Iop- is shown 1n
Tigure 3~20 as a function of mixture ratio. The solid points sud dashed
line {s for test firing 16 and 17 vhile ths solid line is for test firinge
11 through 15, VYollowing test firing I3 the X403832-4 fual orifice ring

was substituted for the X403832-3 fuel orifice ring. This change vas ex-
pected to move the performance peak to a higher mixture ratio. Insufficlent
data vas tahen to define the exact pesk.

fU) The cowputed combustion efficlency "ca, for this test sertes is shown
in Figure )-21 as a function of mixture ratio. The aversge of PC-1 and
PC-2 was used in computing the nozzle stagnation pressure used {n the C*
equstion. Comdbustion efficlency for firinge 16 and 17 are showm as esolid

points and the deshed lips.
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(C) The computed eossls efficlency, Mgy, for this test series ia showa {a
Pigures 3-22 and 3-23 as & function of mixture ratioc and norzle stagnation ,
press 're. The nox3ale efficieacy i3 based oa a noszle stagnaction pressure
compurad from PC-1/PC-2 aversge for this teat series. The mean nozxle
efficiency over tha mixture ratio range of 1.350 to 2,60 (0/¥) is 0.960 with
s range of + N.020 at & nominsl nozzle atagnatioca pressure of 285 paia.
figurs 3-22 shows that the thrust coefficient efficlency is apparsatlv a
fuaction of the mixture ratio i(or performance level) which doves not agres
vith the theoretical data (Appendix C, Section 2.2). The expscted R.¢ for
the 4/1 expansion ratio, 15 degree haif-angle, conical pozzle was 0,980,
This valus was only approached at the lovest mixturs ratic. No trend with
nozzle stagnation pressure is appareut.

3.4.2.1.2 Injector Characteristica

(U) Thae tuel tnjector conductance, KIJCF, for test firings 11-15 s shown
io Mgure 3~4i% as a function of the volumetric flow rate. The K1JCF value
for firvings 12-15 indicate a nominal discharge coefficient of 0.99 which
vwas expscted. Tha fusl injector conductance for test firing 11 is approx-
isately 10 percent lower then the average KLICF for 12-]15. Both the
thrust/nozzle stagnatioa pressure correlation and the system losses betvean
fusl tunk and {njector appear normsl. It {s concluded that the discrepancy
is dus to an abnormally high Artf caused by an erroneous PIF measurement.

(U)  1The tnjector coaductance for the oxidizer side of the injector, X1JCO,
is shown in Figure 325 as a function of the volumetric flowrate. The now-
inal dtecharge coefficient computed from the conductance is 0.68 which 1s
somsvhat lowver than the 0.725 value computed for the orifice configuration
tested fo firings 1-10. The differences in orifice design are apparently
rvesponaidle for this change in dfecharge coefficient.

(U) The specific lopulse efficiency for both f{njector configurationa,
X401829-1 and X4013829~16 are shown {n Figure 3-26 as a function of
@p,)0.5 ()74, Insufficlent dats vas taken to establish the performance peaks.

3.4,2.2 Teot Saries 3 - Firings 18-2)

3.4.2.2.1 Performance Data

(U} It vas apparent that the oxidizer spray pattemn produced by the
14038°1-1 orifice ring was considerably diffecent than the apray pattern
gensrated by the orifice configuration of the X403666 injector used in the
facility chackout firings. The reduced discharge coefficient i{s evidence
of this difference, The cause of the 1 overed performance vas attributed
to the excessive penatration of the fuel sheet; that is the spacing of the
primary oxidizer orifices vas insufficlent to prevent the fusl from flow-
ing axially by the oxidizer orifices and out the nozzle unreacted. Incres-
sing the fual momentum vas oniy pstiially successful in preventins the

fusl penetration. Therefore, the X403831-1 oxidizer orifice ring vas modi-
fled at the AFRPL to incresse the space factor (Wp + W /W x 1002) to
spproximataly 60 percent by widening the keyhole portion of sach primary
orifice to 0.584 tnches,
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(U) Pigure 3-27 shous the measured thrust as a function of nozzle stagna-
tion pressure. As in prior tast series the nozsle stagnation prassure is
the average of the two injactor end pressure transducers (PC-1 and PC-2)
corrected for ao ¢, = 2.25 and vy = 1.235. The ccwputad specific iapulse
o!ficioncy. ?l shown in Pigure 3~28 as & function of mixture ratio,

tor f!?xngo 11-15, shovn as the dashed line, indicates that incress-
1na tgc vidth of the primary orifice is psrticularly affactive {in increas-
ing the absolute perforwmance level.

(U) The computed combustion efficiency, Mcs for this test series is shown
in Figure 3-29 as a fusction of mixture ratio. Test firings 18-21 were

made st & nozzle stagnation pressure of approximately 300 psia. Test firing
22 vas mada at s oozzle stagnation pressure of approximately 260 psia vhile
test firing 23 was made at & Py Ot approximately 245 psia. Figure 3-29
shovwe the effect of lowered injection pressures on performsnce achisved ut
the same aixture ratio.

(C) The computed nozzle efficlency, Mcp for this test series 1a shown in
Pigure 3-30 sas a function of mixture ratio. This figure shows an average
eyl of 0.955 for test firings 18~46 inclusive, excepting 33 and 34 which
used the modified X503668 chanber (20° half angle). This average is valid
for both the original combustion chamber employed on firings 11-32 and the
lengthened combustion chamber employed on test firings 35 through 46. The
expacted n. . noted in Appendix C for this nozzle was 0.980. The difference
of .pproxlnituly 2.5 percent between the cooputsed ncr is unexplained.

3J.4.2.2.2 Injector Characteristica

(U) The fuel injector conductance, KIJCF, for test tirings 18-23 is shown
in Figure 3}-31 as a function of the volumetric flov rats, Data for test
firings 16 and 17 vhich employed the sams fuel orifice, is i{ncluded for
comparati purpcass. The fusl side 3ischerge coefficient, cocputed from
the conductance i 0.940 ss compared with tha C4 velue of 0.99 computed for
firings 12-15 employing the X403832-1 fuel orifice.

(') The conductance on the oxtdizer side of the injector asaembly {s shown
in Figure 3~32 as & function of the volusetric flov rate. The nominsl die-
charge coefficient computed from the conductance is 0.70 which is lower than
the 0.725 C4 computed for the orifice configuration tested in firings 1-10.
The 0.70 C4 is & small fmprovement over that obtained with the uamodified
configuration. ‘

(C)  The specific impulse «ffictency for the X401829-16 (X403831-1 Mod. A
Oxidiser orifice ring) ir lhm hb i](uro 3-33 ss a function of the injec-

or scaling parametar (4P ) Tha peak perforumance is achieved
st a value of lppro:inatn[y 1. BO.

3.4,2,3 Test Savries & - Pirings 24-29, 40-42

3.4.2.3.1 Performance Data

(U) One of the major injector parssaters to be iavestigated in the injec-
tor development program was the nimber of oxfdizer elements. A 48 elenent
oxidiger orifice ring was fabricatad and tested during firings 24 through

CONRFIDENTIAL
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(U} 29 and later oa in test fizings 40-42 in the lengthenad (+24in.) chamber.
The orifice ring (Xt04107-1) vase designed with & space factor of 67 parcent

ia oyder that the effect of that paramsicr could be determined. The X404107-)
o orifice ring vas commitred to fabricatios prior to start of Test Saries 3.

(U)  rigure 3-34 shows the measursd thrust for this configuration as 3
function of mozals stagnation pressure. As in prior test series the nossle
0@ stagnation pressure is ths aversge of the two ‘njector and pressurs traus-
ducers (PC-i and PC-2) corvected for an g, = 2,25 and &4 v = 1,235, The com~
puted spacific iwpulse efficisacy, » ti showa in Figure 3-35 as & function
of mixturc rario. In the baseline cﬂb.z configuration (Lo » 36,5 tuches
and L® @ 70 inches) the waxisus performsnce attained with the 48 elemant
configuration (02/72) is approximstely 0.7 percent lower thas the per- i
forwance valus obtained in Test Series ) (18-2)). However, the peak per-
formsace doss occur near the design mixture ratio and is siightly higher at
ths design mixture ratio.

F €) The computed combustion efficlency, Mce, for this teat series is shown '
in Pligure )-36 «s & function of mixture ratfio. Test firings 25-27 and 29
were mads at a nomical nossle etagnition pressure of YO0 peja while tect
firings 24 and 28 were sade at & reduced P, of 273 and 145 peils, redpec-
tively, The effsct of lowersd injection pressures on performance is shown

in Figure )-36. The 24 tnch {ncresse 1n chamber length (L® « 120 inches)
results in an approximete }.% percent increase in combustion ef{iciency for
the 02/72 tnjector configuration. This increase is reflected in the specific
iapulse efficiency as shown Lo Tigure 3-))5.

(C) Tha computed nossle efficlency, "cp, for this test series is shown in
Figurs )-)7 ao & function of wixture ratio. Pigure }-37 shove sn average
Mcp of 0.933 for test firings 18-32. The Ny for 24-29, 40-42 is in agree-
went with the data of the other test series. The nottle efficiency for
test firings 24-29, 40-42 frow the noizle entrence pressure (PC-3) correc-
ted to noisle stagnation pressure is shown in Figure 3-18, The Ncypy com-
puted uaing PC-3 {¢ .90 & ,013 for mixture ratlo range of 2.25 to 3.035
L (0/7) for test firlngs 24-29. The discrepancy 1aNcp in due to the differ-
A ences in P, computed from either PC-1/PC-2 (averags) or PC-}., The use of
the theor«tlcal correction from injecter and to noesle ontrance results in a
larger c.oivtection than is messured in any ot the teet tivings.

3.4.2.3,2 Injector Characteristics

(V) The fuel injector conductance, KIJCY, for test firinge 24-28 and &0-
42 1s shown in Tigure 3-39 ss # function of the volumetric flow rate. The
fuel eide conductaace agTess with the conductance computed for test firings
16-23 resulting in & nominal C ¢ of 0.94, The unexplained shift in fuel
side injector conductsnce vhlcﬁ occurred between firings 28 and 30 s saen
in the data for taeet fivinge 40-42,

(V) The comductance on the oxidizer side of the injector assembly is shown

in Pigure )-40 es & function of the wolusetric flov rate, The nominal
discharge ccofiicient computed from the conductance is 0.70 which agrees

vith that obtained in test firings 18-23, !
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(C) The apecific impulse efficiency for the X403829-17 {ujector assembly
1s shown is Figure }-51 as a fuoction of (Pp)Y-? (W)V+4, The peak
performance occurs at a noainal velue of 2.0,

3.4.2.4 Test Series 3 - FHirings Y-~3b, 37-39 43, 46

3.4.2.4.) VYerforwmance Data

(U) The XA03831-1 ox:dizer orifice ring wap'oyed in test series 3 was
aodified by increasing the length of the sacondary orifice to 0.500 iach.

This vas accomplished wsing an electrical dischesge machining process.

Thus, ths setback of the secondary orifice wan jecreased to 0,300 inch.

This configuratioa (OlY) vas usad to determin: the effect of chamber length

un performance. Test firings 20~32 were mad« in the 70 fnch L* baseline
Leat-eiok thrust chamber (X403046-1) wvhile test firinge 33~34 were wade in

« 12 inch longer chambu. (X50)668-1) wit!, an 88 fnch L%, Test firings 37-39,
4) and 4% vets made tn a 24 toch loog casster (X403646-)1) with & 120 inch L%,

(U}  rigure 3}-42 shows the measured thrust as & function of nozxzle stagna-
tlon pressure., As ir prior test series the nozsle stagnation pressure is

the avevage of the two injector ¢nd pressure tranaducers {rC-l and PC=2) cor-
rected for an ¢ =« 2.25 and ¢ ¥~ 1.235, The computed specific impulse
efitclency, "Ny, s shown {+ Figure $-4) as & function of mixture ratio

for three chamber lengths. The {(norease in chamber length is par-

ticularly effuctive in incrvasing the absolute performance level,

(U} The computed comruation efftciency, Mce, for test firvings 30-132, as

a function of mirture ratio ie shown in Pigure 3-44, Dsta for test series
) 1s shown for cowpsarative purposes. The dJdats shows thst increaming the
levgth of the secondary orifice by 0.100 inch (OlB) does not result in

any performance incresse over the mixture ratio range of intercet,

{€) Flgure }-43 shows Lhe computed combustion efficiency, Mea, for the
three chambder lengthw fnvesctigated in this teot series. Over the xixture
ratio range of 2.) to 2.9 the combustion ef{iclency schieved in the 24

fnch lovger chamber {s approximately 1.7 percent greater than that maa-
sured in the 1? {nci longer chamber., Incressing the chamber length flat-
tans out the perforaance curves at the extremes cf the mixture ratin curva.

(U)  Test firicgs 43 and 45 vere slso mada with thy 0P oxidizer oriffce
configurstion to rechack the performance of the fuj«ctor. All of the

data for fiving 4) fell on the previously establishud curve for firinge
37-39., Teet firing 46 vaes & stability rating test; data slice 46-1 indi-
cates thait the {njector vas performing eas expected prior to detonation of
the stability rating device. Data siices taken after ths dstonation showe
& teduced performsace leval and abnorsal injector behavior as discussed
in the following section.

(C)  The cowputed noszle efficiency Mgy for tent firings 30-32 of this
teat saries is shown {n Pigure )-46 as a function of mixture ratio. This
figure shows that the Ncy for 3C-132 falls on the same curve as that esteb-
iished for test firingas 18-29. The Ny for test firings 3I-34 {s 0.9203
ov spproximutaly 3.7 parcent lower than the sverage Ncy messured for the
other firings. The X401668-1 "A" chamber was employed &{n test fivings

CONFIDENTIAL




i
, P L L N LN T 11199-6006-28-00 [
QO AL INTIAL Page 3- U !
;-p~fla-“ sy 23 E3) SEERIH : 5 {388 E p i - :hd
ji1eE  Seeh BEE sheat it T =t
i b25a1
94
BE
83 e
i
’ &
" ‘10:"
Isp et
80 =5
ezt
s S Elar AT e s 55
LI - : s PR B B s e e e o ST AR
S ) e e e e B e e P B N H e R e S
1.3 2.0 2 5 3.0 3.3
o.‘
@r, 39+3 @
(C) rigure 3-41. Sp-clfic Impulu Efficlency, Test Series 4, Function of (8P, )
! R g
240 b
A 210
5 -4
. 2
o J
B 220
J <]
_ i
" 219
240
Noxzle Stagnation Pressurs, psia
(C) rigure 3-42, Measured Thrust ~ Test Saries 5 (V)
| CONFIDENTIAL




C@m?@ﬁ‘ N‘ﬂ (R s

w

[~
T

i

-3

!

L.- - )

i_ | |
8s ,

[

"p ! S .
r ! ! . '
b . - dew. . Le = 48 (forre
P ,l ,c>. i . for POX half
L . . . } v ‘ m‘i ) . '

80 + - .- S P o % b
N © Lo T . Q 30-32 r
! \ | ! 33"'36 I
- - ' | & 37-39, 1
! ! : I ; . 43,46 )
2.0 2.2 2.4 2.6 2.8 3.0

Mixture Ratio
(C) rigure 3-43. Specific Impulse Efficiency, Test Series 5 (U)

e ;..__..i-‘:.. i 'T“‘_’
S '::::;-«

!
& g
dga 61:;
B
16 2\1
(% .i.;.J
4~ i-...-;

e |

2.0 2.2 2.4 2,6 2.8 3.0
Mixture Ratic

(C) rigure 3-44. Combustion Efficiency, Test Jeries 3/5: (V)

CONFIDENTIAL




“‘.‘l."./,ll‘”“u(v Ill :
I
-
s
D A
i
=

NTIAL

L]
Lanar
]

CONm

—— - g ——— e g - - -

Mixture Ratio
Combustion Efficiency, Test Series 5 -

th (Y)

Effect of Chamber Le

3"65.

Filgure

(©)

—

Mixture Ratio

£

5 -

Efficiency, Test Saries
Effect orf Nozzle Divergence Angle (U)

CONFIDENTIAL

Nozzle

(C) rigure 3-4§.




-

CCUASINFIAL w55

(0) 33-34. This chamber has a 4/1 eapansion nozzle with & halZ-angle of 20
degraes as compared with the 1) degree supansion noxzie hait angle on e
basaline chamber. VFigure 3-47 shows that the average 7., for test firing
35~39 is 0.95%, The data for test firings 43 and 46 l]lg fall on the same
curve gs the data obtained in previous firiugs with this noxzle configur-
ation,

(C)' Tha nosale efficiency (7cpy) based om norxle entrance pressure (PC-3)
for firings 30-32, 37-39, 43 and 46 is shovn in Figure 3-48, The average

of 93.50 agrees vith the cr3 0f 93.0 computed for the 02/P?2 injector
csx}!;urntion (Test Serles 4).

3.4.2.4.2 Injscror Characietielsos

(U)  The fusl injector conductance, KIJCF, for test firings 30-34, 37-39,

43 and 46 s shown in Figuras 3-49 as a function of the volumetric flow rate.
The fuel side discharge coeffi. ient computed from the average conductance

is 0.885 as compaced with the (4 value of 0.940 computed for the came fuel
orifice ring in test firing~ 16-25. Soxs transducer changes vers made b -
tveen test firings 28 and 30 and the C,; value of 0.885 is believed incor.ect
due to the fuel injection pressure measurement. 3
(U)  The conductance on the oxidizer wide of the injector assembly is shown
ic Pigure 3-350 as & functfon of the volumetric flow rate. The nominal dis-
charge coefficlent cowpuied from the conductance is 0.714 which is essen-
tially in sgreewent with the 0.700 C; computed for the O.A oxidizer orifice
configuration tested in flrings 18-23. The 0.714 C, represents a slight
improvement over the 0.68 C4 weasured for the unnodgflﬁd configuration.

(C) The specific {mpulse efficiency for the X403829-16 (X403331-1 Mod, B
oxidtz-r orif’ _¢ ring) is shown in Figure 3-51 as a function of (AF,)0.5

a weasured APy for this series {s corrected by the ratio nf
(Cd /Cdl) r [,885]2 = 0.886, The peak parformance occurs at & nominal
Vllh U' 1'90- .

3,4,2.5 Test Saries 6 - Pirings 35-36

3.4.2,5.1 Performance Data

(U)  The third oxidizer orifice coufiguration (03) tested was the Xé04047-1
(36 elemant) ring. This ring had sssentislly the ssme space factor (W, +
W,/UW x 100X) as the No. 2 oxidiszer orifice configuration, with approxi-
latcly the same injection area as the No, 1 and ¥o. 2 oxidizer orifices.
Only two test firings wers wads with this configuration. Both firings
(35-36) wera in tha 24 inch longer chambar.

(U)  rigure 3-52 shows the messured combustion effictency, "ce, for tha

tvo firings., The parformance In the mixture rstio rsnge of 2.3 - 2.4 {s
comparable to that obtained with the 01B/F2 {njector configuration. At the
higher mixture ratio (~2.7 O/F) performance vas reduced drsstically, This
lovered perforwance 1o believed due to excessive penetration of the oxidizer
stresms at the high AP /AP, ratio.
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{C) The computed nozzle stficiency, ') 10 for this series sgrees with iy
ccoputed for the prior test serien i sgoun in Figure 3-53, The Ncpy for
firings 35-36 is 0.935 which compare: vith the nominal -lue computed for
firings 30-32, 37-39, 43 and 6.

3.4,2.5.2 1Injector Characteristics

» (U) The fuel injector conductance, KIJCP, for test firings 35 and 36 is
shown in Figure 1~54 as a function of the volumetric flow rate. The data

tor firing 35 and 36 are in good agreement with that measured during firings
3046, The low discharge coefficient for the fuel orifice tu still indicated.

(V)  The conductance on the oxidizer side of the injector assembly is shown

in Figure 3-55 as a function of the voluietric flow rate, The nominal dig-

. o+ charge coefficient computed frc¢z the conductance 23 0.685 which corresponds
* to that mersurad for the X403851-1 orifice ring used in test fivinga 1l1-17.

s {U) With the limited number of firings and the disagreement in fuel injec-
3 ~ tion AP's for 35 and 36 the spccific impulse cfticisngy vau not computed
‘ ’ as a function of injection prcssure loss ratio (Apr) () 4

3.4,2.6 Tesat Series 7 - Firinzs 44-45

J.4.2.5.1 Performance Data

->A (U) The fourth oxidizer orifice configuration (05) tested was the Xu03945-1,
356 elemant ring. This ring wes desinged to operate with a back orifice

ting (X404480-1) assembled into the X4C4408-5 Pintle Tip Asserbly. The pur-
pose of the back ring was to increase the L/D of both primary and secoadary
orifices by providing a flow channel for the oxidizer prior to injection.

The corifice ring waa characterized with essentiully the game orifice shape,
space factor and total {.jectiin areas as the "B" modification of the
X403831-1 orifice ring. Only two test firings were made with this configur-
ation. Both firings (44-45) were made with the 24 inch longer chamber.

) (U [he measured combustion efficiency for this configuration was much

’ lower than anticipated, and {# believed due to insufficienc penetration
of the fuel shzet into the oxidizer filaxments at the injector operating
conditions. This is evidenced by (ncreasing performance as the mixture
ratio 1is increased as shown {u Figure 3-56, However, even this performance
is laeas tian oessured with the OLB coafiguration.

(C)  The computed nozzle 2€ficiency, Mcy; for this serles (Figure 3-57)
agress vith the nozzile efficliency compured for test series 3, 4, 5 and 6,
with a noninal effici{ency of C.955.

; 2.4.2.6.2 Injector Chavacteristica

(U}  The fuel injector conductance, KI.'CF, for teet firing 45 i{ndicates mn
orifice discharge coefficient (Cyq) of 0.39 (mew Figurs 3-34). As in test
seties 5 snd 6, this Cd ia believed to be incorcect due to the fuel injec-
tion pres~ury measurement. The conductance on the oxidizer side of the
injector sseombly shows a wide variation with volumetric flow rate. The
Cygo variation is from 0.763 to 0.360 which would account for the reduced
perfoimance.,

"y
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3.4.3.7.1 Performance Data

(V)  The majority of the development injector firings were mada during the
winter months (December, January and February) with propellants at a rela-
tively low temperature (less than 55°F), To check the effect of propellant
teaperature on performsnce the 01B/F2 developwent injector configuration
vas treinstated in the 24 inch longer chamber and two test firings were made
on 7 July 1969. Propellants ware in the 80°F to 90°F temperature range.
The 013/F2 injector configuration was previously used in Teat Series 5

(Sea Section 3.4.2.4).

(U)  Figure 3-58 shows the ueasurad thrust as a function of the noszzle stag-
nation preasure computed from the PC-l wessurement. The dats for Test
Series 5 is shown for cowpariaon purposes. The computed specific impulse
efficiency, Ny,,, is shown in Figure 3-59 as s function of mixture ratio,
Again, the data for Test Series 5 is showm for comparison purposez, The
couwputed nozzle efficiency shown in Figure 3-60 indi:ates a loss in effi-
ciency of about 1 percent when compared with the nominal nozzle efficiency.

(V) The computed combustion efficiency, 7Mcw, for firings 101-102 1s shown
in I'igure 3-61 as a function of mixture ratio. The data for Test Series S
is shown alsoc. Following test firings 101-102 the OlB/¥2 developasnt in-
Jector configuration was water—flowed ar the TRW Systems Capistranoc Test
Site. Photographs taken of the water-flow show considerable leskage at the
threaded joint between tha oxidizer ring and centerbody. This leakage would
cause a disruption of the normal fuel flow and is assessed to be the pro-
bable cause of the lowered performance measured on firings 101-102. Water-
flow of the injector is discussed fuvther in Section 3.4.4.

3.4.2.7.2 Injector Characteristics

(U}  The fuel injector conductance, KIJCF, for test firings 101-102 is shown
in Figure 3-62 as a function of the volumetric flowrate. The computed con-
ductance is based on the assunption that the data tabulated as PIF-1 in the
General Performance Data listing is in reality PIF-2. Using this : ssunp-
tion results in a reasonable system conductance (measured between PLF and
PIF~2). The computed conductances for the two firings are both greater

than that measured during firings 30-46 end approxiviately the same as mea-
sured during firings 16-28.

(U)  The oxidizer {njector conductance, KI1JCO, is shown in Figure 3-63 as a
function of the volumetric flow rate. Even though leakage was obgerved
post-test the computed conductance is in sgreement with the nominal vaiue
measured during test firings 30-46 with the OlB orifice configuration.

3.4,2.8 Test Series 9 - Pirings 108-110

Y

(This page is unclassified.)
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(U) Yollowing the firing (107) of the configuration 1 ablative lined chamber
in Deceamber of 1969 (See Volums I1) a decision was made to check the parfor-
mance of the development injector with the 06 oxidizer ring (X404108-1) and
72 tusl ving. This oxidizer ring had been fabricated and vater-flowed, but
not tested, during Task i and showed & more uniform spray pattern than was
observed for the demonstration injectors. The [W_ + W )/UW] factor for the
06 ¢.1dizer ring wvas 0.60 while the percentage ofpsocondlry flow was reduced
from a nominal 10.C percent to 4.8 percent of the total flowv. The oumber of
oxidizer elements was increased to 48 primsries and 48 secondaries as in the
02 oxidizer ring (X404107-1).

(U) Three tast firings of the 06/F2 fnjector configuration wers mads.
Yigure 3-64shows the measured thrust ss & function of ths noxzle stagoation
pressurs. The data taken duriog this series shovs axcellent agreement with
the sarlier data (Figure 3-3). The computed specific impulase efficiency,
Nigp 18 showa in Figure 3-65 as a function of mixture ratio and the combus-
tion efficiency is also cthown in Figure 3-65. Figure 3-66 shows the specific
impulse afficiency, n as & function of the injector correlating
parameter., The da-h.&'glno is for the 02/F2 injector configurstion used

in test series 4. Insufficlent dsata vas taken tu determine 1if both
injectors would show performance peaks at the same value of the correlating
paramater. It is apparent that this configuration requires a higher fuel
injection velocity at the design wixture ratio than was possible with the
¥2 fuel ring.

3.6,2.8.2 Injector Characteristics

(U) The fual and oxidizer injuctor conductances, KIJCF and XI1JCO, for

test ficrings 108-110 are shown in Figure 3-67as a function of the volumetric
flow rate. The fuel conductance of tha F2 fual orifics ring results in a
discharge coefficient of 0.95 which {s in agreement with the value computed
for this ring during firings 16-28. However, the 0.95 discharge coefficient
ie highar than the value maacured during firings 30-46 and 101-102.

(U) The average oxidizer injector conductance of 3.65 results in a die-
charge coefficient of 0.64 which is wowevhat lower than the discharge
coufficients measured for previous injector development orifice rings.

3.4.,) Demonstration Injector Firings

3.6,).1 Checkout Firings -~ S/N 001 Injector

3.4.3.i.1 Performance Data

(U) The $/N 001 injector was the initial demonstration injector delivered
to the AFRPL for test. The demonstration injector oxidirzer orifice con~
figurscion wvas nearly {dentical in shaps to the OlA oxidizer orifice con-
figuration tested in Test Series 3. The major change in this configuration
vas an increase in ares by approximately 10 percent in order to reduch the
oxidizer fnfection AP by approrimately 20 percent. Injector performance
vas expected to be nesrly identical to that shown on Figure 3-43 for the

T UHCLASSIFIED
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(C) rigure 3-68 shows the measured thrust as a function of nozzle stagna—
tion pressure. The nozzle stagnation pressure Po, is the injector end
pressure (PC-l) corrected for an ¢, % 2.25 aud a ¥ ~ 1.235, Figure J68
also shows the measured thrust as & function of notzle stagnation pressure
computed from PC-4 (nozxlc entrance pressure) corrected for an €, = 2.25
and a Y = 1,235, The data for firings 72-77 show good agreement vith the
data obtairied with che O1B/F2 configuration. The average noxrxle efficiency,
shown {n Figure 3-69, of 95.40 also is good agreesent with the nominal

value of 95.30.

(U) The computed specific impulse efficieucy, Migp 18 shown in Figure 3-70
as a function of mixture ratio. The computed combustion efficlency, Mewe
for test firvings 72-77 ia shown in Figure 3-71 as a function of mixture
ratio, Data for tast series 5 is showvu for comparative purposas. The data
arv widely scattered and are grouped according to noszle stagnation pres-
sure, The difference between test series 5 and this series is unexplained.

J.4.3.1.2 Injector Characterisrics

(V)  The fuel tnjector conductance, KIJCF, for test firings 72-77 im mhown
in Flgure 7-72 as a function of the volumetric flow rate. The fuel side
discharge coefficient computed from the average conductance is grester

than 1.04 au compared with the Cd valus of 0.885 computed for the same

fuel injection area in test firings 3046, In order to try and ascertain
the cause of the very high discharge coefficient the various fuel feed
system conductances were examined. Figure 3-7) shows the line conductance,
basad on (PLF)-(PC-1), for various volumetric tlow rates. The averayge line
conductance is about 7 percent greater than that previously seasured during
test firings 18~46. The internsl fuel injector losses, (PIF-1)-(Pl1F-2) are
shown in Figure 3-74. These conductances agree vith the nominal value
calculaced for test firings 18-28 (internal losses vere not wmeasured on
test firings 29-46). The low conductance for rest firing 77 {s unexplained.

(U) The oxidizer injactor conductance, K1JCO, for test firings 72-77 1s
ahown in Figure 375 as a function of the vnlumetric flow rate. The indi-
cated oxidizer side dlscharge coefficient cowputed from the average conduc-
tai:e 1s sbout three percent less than the Cy, computed for the 01B con-
flguration emploved on test firinge 30-39, 43, and 46, The oxidizer line
conductance (KLO) shows s much grester variation than would be expected.

3.4.1.2 Durabiliey Firing

3J,4.3.2,1 Performance Dsta

(U) The initial demonstration injector delivered to the AFRPL (S/H 00))

vas svbjected to & 10 second duration firing to check the dursbiiity of

the injector pintle tip. This fnjector wvas fired wsing the modified
X403646-10 chamber (ses Section 1.5.1.2) lined with a low-cost gypsus—
phenolic tnaulation on test firing 78. This chamber {s 6 inches shorter
than tha chamber employsd in test firings 72-77 and has an L* of 108 inches.

¢
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(U} Tigure 376 shows the computed specific impulss sfficiency, Tigp, a8
s function of mixture ratio. The dat.’ from test firings 72-77 at 308 poi
is shown for comparative purposes. It should be noted that the performance .
obtained on test firing 78 is sbout the same level as that obtained during .
firings 72-77 in a aix icch loager chamber during the i{nitial first second

of the firing., However, the data for firing 78 also indicates a 2 percent

perforuance increase with time. )

3.4,3.2.2 1Injector Characteristics

(U) ‘ihe fusl injector conductance, KIJCF, for test firing 78 1s shown in
Figute 3-77 as & function of the volumetric flow rate. The fual side con-
ductance is 10 percent lower than that measured on the preceeding six
firings and mwors in line with what was experienced on tzet firinge 18-46.
The line conductance KLJCF 18 also lowar than that seasured during firings
72-77. In addition, the internal fue. injector conductance, which ia based
on the presaurs loss between PIF-1 and PIF-2, is cousiderably lower than
that weasured during firings 18-28 and confirmed during firings 72-76,

The fuel side conductances for all three items, KIJCF, KLJCF, and KMJCF all
show a tine depeadence during the approximate 10 second firing duratioan as
shown in Flgure 3-78.

z i (U) The oxidizer injecticn conductance, KIJCOis somewhat lowar than measured .
" - during firiungs 72-77 as showm in Figure 3-73, The oxidizer {rjection con-

' ductance is time dependent in about the same manner as the fuel injection

¢ conductanca, The PLO measurement wac not available on test firing 78; there-

fore the line conductance could not ba calculated.

3.4.3.3 Additional Firings = S/N 001 Injector

}

3.4.3.3.1 Prrformance Data

(U) The S/N 001 ‘njector used in test firings 72-78 was test fired in con-
junction with the X403646-14 thrust chember configuration. This chamber
configuration was identicul to the X403646-~11 thrust chamber, except for
the addition of the turbulence ring (X404469-1),

{U) Figure 3-79 shows the measured thrust as a function of norzle stagna-
tion pressure, Po. The nozzle stagnation pressure is the nozzle entrance
pressure (PC-4) corrected for an c¢ = 2,25 and a Y= 1,235, The computed
specific impulse efficiency, "y, {s shown in Figure 3-80 as a fuaution of
mixture ratio. The data fur te-g firings 72-77 {s shown for comparative
purposas on both FPigures 3-79 and 3-80.

R i T et TS NNy A

.l

UNCLASSIFIED




v !
b
! an s SR, DA 11199-6006-28-00
COMrSoHTIAL  rae v
S -
X -
. Lo LS I
% 0.8 '
$3-240 '
- e
’ 88 0—$§;' -
"’c‘ i
87" ! o
L] .
sp ' |
86 ; .- . : .
o
. i
38, . .
; 1] l
84 -
L L . .
.0 2.2 2.4 2.6 2.8 3.c

Mixture Ratio
(C) Figure 376. Ypacific Impulss Effictcncy—nurlbility Firing No. 78 (U)

! 1 . T T M
b R
P ' ' s e

ot s b 1' (Cd =1.03)

ii‘”.'.l*

cm— - -
H

: i h:
I;? i
: | ‘ﬁg<%(-j :.“

U p— R ..*

$ .
. .;f_;."}_ . .J,._i-u
, £
[ [} '
1

.
. 1 '
i . —_— .

5.0 5.8 6.0

: —: ) i
,_;,,___}_ _ ____;._
7
-1
-
——0—‘—-
l

~

¢
[]
§

K1JCF

_,_”_.-
=g
-

TR Y .
b

Ld

[
-

Fual Voluasetric Ylowrata, ftjllcc
(C) Figure 3-77. Fuel Injector Conductsnce-Durability Firing No. 78 (U]

CONFIDENTIAL.




11199-6006~28-00

Page 3-58

e

. n “ -1 -
i i ' 1 N - : !
b 1 m - +— ] -+ — -
. ! ‘ 3 :
IRRRRESRIARS
A - T

]
1
SRS SRRV S |
_ :
; g i
- - - Imb -
: .

354
3.4
303 '

43

Fjys |

Time, saconda
ductances as & Yunctfioc of Time,Durability

(U) rigure 3-73 Puel Side Com

riring No. 78 (V)
CONFIDENTIAL

(This page is unclaseified.)

A

-




11199-6006-R3~0
Pags 3-59

¥

A~y
-

L

L4

340

shigd

pist its.

24
o

TALGLY
¥ it

i

o~

bods

el

320

srtaderey

vesdosoed

*
pas

I

73 TSRS poRet eR0 L B4
: 3

Norzle Stagnation Presuure, psia

\1

= !

2 - —m——
: :

’9.-_ -—- - - L.

& ! 1

R - ——-d —-—

» ' '

=20 -

=

vt .

[ _— e

-l .

ine !

o .

-

Y - ——r b e w—

P : i

¢ e e

FY i :

g~ -

- ) !

& :

- - e =

L

5 4

-

-

B

on

~ .

}r - —_—— =t

?

L]

b

3

28 -

-

Taa

— :

C 1]

N _— . —_—— llh
2 8

-

Hixture Ratio
Specific Impules Efficliency, Test Firinge

90-93 (V)

3-80

(C) rigure

NTIAL

CONZID




(<)

The combustioca efficiency for firfogs 90~93 4s shown in Figure 3-8l ,
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Thesa efficiencies sre computed using PC-4, corrected to noszle stagnation
pressure. The data for tast firings 72-73 and 98-100 (see Section 3.4.3.4.1)
is showa for comparative purposes. Although tha data for test firings

72-75 are badly scattered they show gensrsl sgreesent with ths data obtained
with the S/M 002 injector. It appears that the turbuleace ring is respon-
sible for sbout a one and one-half (1.5) percent increase in combustion
sfficincy.

3,4.3.0.2 Injector Charactaristics

{U) The fusal injsctor conductanca, KIJCF, for firings 90-93 ig shown in
Yigure 3-78 as a function of the volumatric flow rate. The conductances
shown are based ca the pressure loss batween the PIF-1’ measuremsnt and
the FC~] measurement. Thers was no PIV-2 messurement during this serias
and the PI¥-1 transducer vas located in the PIF-1' port which {s on the
toroidal manifold 180° removed from thePIF -1l port. Ths conductancas for
90~93 show good sgreement with the data of fixings 72-77 when cowpared on
tha same¢ basis. The lins conductance, KLICF, shows good agreescnt also
vith the data from firings 72-71,

(U) The oxidizer injection conductance, K1JCO, for test firings 91-93 s
shown {n Figure 3-74 ss & function of the volumstric flow rate. The data
shows a gensral agrecment vith that wessured during firings 72-78 although
the KIJCO for firing 90 is about 10 | erceat grester than the 72-78, 91-93
sverage,

3.4.3.4 Checkout Fivings - S/N 002 Injector

J.4.3.4.1 Parformence Dats

(U) The S/N 002 injector was the only other demonstration inie¢ctor checked
out during Task I (test firings 98-100). The orifice configuration was
nearly identical, in all respects, to the $/N 001 injector fired on tests
72-78 and 90-9), The S/N 002 injector was test fired using the X403646-11
thrust chamber configuratfion (without turbulence ring).

(C) Figure 3-8 shous rhe measured thrust as & functiou of noxrle stagna-
tion pressure, P,. The noszsle stagnation pressure is the injector end
pressurs (PC-1) or tha average of PC-1/PC-1A corracced for an 7 = 2.25 and
ay= 1.235. Figure >8] shove an apparent 4 parcent losw in thrust couffi-
cieat for test firings 98-100. This loss was not appareat in test firings
101-102 which used the same combustion chasber but wed the davelopment
injector (013/r2),

(U) Fdgure 3-84 shows the seasurcd specific fmpulee efficiency as s func-
tionm of mixture ratio. The S/N 002 injector performs as wall as the O13/F2 .
davelopmant injector configuration 1f the computad specific impulse effi-

ciencies are corrected by the ratio of noxzsle efficiencies shown in Figure

3-87. The combustion efficiency, "c* for teat firings $8-100, is shown in

Figure 3-83 as a function of mixture ratto. Tha "ce fe based on & P, com-

puted from PC-1 or the average of PC-1/PC-1A correctad to nozzle stagnation

for en ¢ = 2.25 and a ¥ = 1,235, The combustion afficiency of the 8/N 002

injector is about 2 percent gruater than that messured vith the §/N 001
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(U) injector (shown as the dashed line), although the data from test firings
72-7% are so widely scattered ui.at the comparison is sowewhat clouded. 7The
combustion efficiency of the S/N 002 injector essentially matches the per-
formance obrained with the OlB/F2 injector configuration in firings 37-39,
43, and 46 (See Figure 3-45),

3.4.3.4.2 Injector Charzcteriscics

{U) The fuel injector conductance, KIJCF, for test firings 98-100 is shown
in Figure J-86 as a function of the volumerric flow rate. The PIF-] mea-
surement (fuel inlet) listing in the General Performance Data was actually
located on the PIF-2 post. The average KIJCF of 5.85 is approximately 4
percent greater than the KIJCF coaputed from the dats on firings 72-77, and
90-93. The KLICF measured avaraged 3.47 which is in good agreement with
the data taken during firings 72-77 aand 90-93. Figure }-87 shows the KLJCF
for this test serias. The oxidizer injector conductance, KIJCO for test
firingn 98-100 is shown in Figure 1-A88. These messurements show general
agrevment with the data generated with the S/N 00! injector.

3.4.4 Injector Hydraulic Teuts

(/) The three basic i{njector configurartions used in the Task 1 test program
wire hydro-tested at the TRW Systems Capistrano Test Site following comple-
tlon of the hot-fiting tests. The three {njectors wdater flowed included

the X403666-1 (facility checkout {njector), the X403829-~16 (OlB/F2) develop-
ment Llnjector, and the Xi04056-1 (S/N 002) demonstration fnjector.

J.4.4.1 Factlity Checkout Injector

(i) wWater-flow of the facility checkout tnjector wis conducted at 100 per-
cent of rated flow on the fuel side of the {njector and 100, 40, 70 and S0
percent of cated flow on che oxidizer mide of the {njector. The experimen-
tally determined discharge coefficients for these tests are essentially in
agrecment vith those detevmined in August 1968 prior to shipment of the
tnjector to the AFRPL (See Appendix A). The fuel side diecharge coefficient
at 100 percent of rated flowv was 0.9680 while the d4ischarge coefficient on the
oxldizer side of the injector was 0.725 which was in agrecment with that
meanured eariier. The spray pattern produced by the oxidizer orifice ap-
peared to be similar to that observed previously.

J.4.4.2 Development Injector

(V)  wWater-flow of the development injector assembly (O1B/F2) was conducted
at 100 percent of rated flow on the fuel side of the injector and at 100, 90,
70 and 50 percent of rated flow on the oxidizer side of the injector. The
swasured discharge coefflicient on the fuel eide was §.875 which is in
agreement with that observad during test firings )0-46. Wa'er-flow of the
oxidizer side of the developmant {njector assesbly disclosed a slight lea-
kage betwesn the threads of the orifice ring and the injector centerbody.
Figure 3-89 is a photograph of the water~flov of the oxidizer orifice ring
at 100 percent of rated flow. 1The injector presnure los~ data for thie
vater~flov test seties is shown in Figure J-90 ae a function of the voju-
matric flow rate. The calculated discharge coefficient, Cy,, for the water-
flow wvas only slightly greater than that measured during test series 3,
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The oxidizer leakage between the threads is ussessed to be the probable
cause of the low performance measured during test series 8 (101-102).

3.4,4,3 Dewonatration Injector

(U) water-flow of the S$/N 002 demonstration injector was conducted at 100
and 22 percent of rared flow on the fuel side und at 100, 90, 70 and 50
percent of rated flow on the oxidizer side of the injector. Figure 3-91
shows the flow through the oxidizer orifices at 100 percent of rated flow,
The individual streams appear to be somewhat broader across the top of the
keyhole than tine OlB injector configuration (See Figure 3-90). The fuel
gide coefficlent was calculated to be 0.925 as compared to a4 value greater
than 1.05 computed for the fuel gide during firings 98-100. The oxidizer
orifice digscharge coefflcient was nearly identical to that measured during
firings 98-100. Figure 3-92 shows the injector pressure loss data as a
function of the volumetric flow rate. '

L R AR T
“‘, o L

(U) Figure 3-91. Water Flow of Demonstration Injector S/N 002 ¢ 100% (U)
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(U) Figure 3-92. Injecction Pressurc Loss,
S/N 002 Demonstration Injector w)

(U) Based on the hydraulic tests of the S/N 002 demonstration injector

and subsequent long duration fiving (See Volume 1I) it would appear that
the high fuel injector conductance (KIJCF) and oxidizer injector conduc-
tance (KIJCO) and the low Cg¢ efficiency is due, at least in part, to an

erroneously high chamber pressure messurement.
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4. SCALING

4.1 GENERAL

(U) The MCD Launch Vehicle councept is predicated on the ability to

scale the engine designs over an approximate 100/l thrust range, or from
50,000 1bf thrust to 5000K 1bf thrust. Both the performance and combustion
stabllity of the engine design must show the feasibility of being scaled
over this thrust range. The TRW Systema approach to the scalable engine
design is to maintain hydraulic similarity of the coaxial injector and
geometric similarity of the combustion chamber using the scaling model
wvhich has been developed. Point designs of several size eagines have been
completed and various fabrication and performance parameters have bren
correlated with existing fnformation and data.

4.2 SCALING VERIFICATION

4.2.1 Momentum Cotrelation

(U) The moaentun correlating parameters, as modified after Keibling's
correlation, indicaces the maximum mixing efficiency for the range of
the varlable fnvestigated. Iasufficient data was taken to accurately
predict peak values. Correlation of this parameter for various fnjector
conflgurations (36 ciement versus 48 element, and for various percentage
bluckage) has been artempted but has not been completely successtul,
Mixlng, or atomization, appears to he strongly dependent on not only the
momentum tatio but also on the abscolute injection pressure level as
vvidenced by the lowered performance when the flow rates were throttled
back to glve chamber pressures of 200 pmia.

4.2.1.1 Effect of Numher of Orifices

(C) Both 36 and 48 element oxidizer orifice rings were evaluated during
tie injector development task., The performance of the two configurations
are within 1 percent of carh other in the 60-inch long hest sink chamber
(Flyures J-4. and 3-91). The 36 element oxidizer orifice ring had a

H) percent blockage to fuel while the 48 eleument oxidizer orifice ring had
a h7 rercent blockage to fuel. This factor probably has a greater effect
on pe lorwance than the number of orificeas (Section 4.2.1.3).

4.2.1.2 Location of Secondary Orifices

(U) The location of the secondary orifices does not appear to be a
significant injesctor parameter, at leasst for the changea inveatigated in
this program. Both the 0lA and O1B oxidizer orifice rings performed
ldentical and the only change between the two configurations was in the
location of the secondary orifice., The 05 oxidizer orifice ring had a
major velocation of the secondary orifice but also had a flow atraightener

ring added which precludes any evaluation of the effert of the location
of the aecondary orffice,
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b.2.1.3 SE‘C‘H.

(C) One of the more {mportant {njector parametars is the spacing betveen
slements or blockage to fuel flow. LEiements with blockage percentages

of 50 percent to 67 percent were svaluated., Yor the orifice configurations
employed {n this program, the optimum percent blockage appears to b« about
60 percent. Only two reats were run with the 03 oxidizer orifice ring
(Test Series 6) and the performance of this configuration i« irconclusive.

4.2.1.4 Shape

(U) The orifice shapes for all development injector configusstions evaluated
were sssentially the same (keyhole), and had the same ring-vall thickness.
The facility checkout injector had an orifice wall thickness about 30

percent that of the development injector configurations and the injection

$pray pattern was obviously different. This aspect of the injector design
requires further study.

4.2.2 Throttling

(C) Teest data was taken for several configurations over the preasure range
of 200 pste to 300 psia. PFor fixed area injectors this results in an
inJection AP decrease of roughly 50 percent (correcting for increased flow
rate due to loss in performance). The best estimate of this perforsance

loss is neazcsly 5 percent for a decrease in injection pressure by 50
percent.

(U) The masd median drop radiue (see Section 2.1.3.2) would be expected
to {ncrease by 30 percent for this decrease in injecticn pressure. The
one~dlmensfonsl vaporization rate-limited combustion efficiency analysis
indicates that the expected loss in performance would be 5.5 percent for
a2 decrease in chawber pressure from 100 psis to 200 psia. Thusm, the

injector &P can be seen to be a very {mportan aruveter in determining
the engine perforaance.

4.2, Effect of Chamber Length

(C) The chamber length is probably the most important element in the
determination of engine performince. The test data indicaies that the
overall! process occurring in the combustion chamber is vaporization rate
limited. The correlation of chamber length as a function of chamber
dliamecter originally propoeed and given by Equation 4-1

L = 1.,450D where (4=1)
e c

L length betveen impingement plane and throat plane

appears valid for engines up to 250,000 1bf thrust.
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(C) The use of & one-dimensional vaporization rate-limited combustion
] efficiency analysis (Section 2.1.3.2) indicates the use of the originsl
o length correlating parameter predicts a combustion efficiency for the
3000€ 1bf thrust engine that is 4 percont greater than that of the 250,000
1bf thrust engine. This suggests that tie L /D parameter should vary

vith thrust level especially for chrust levels greater than 250,000 1bf
thrust.

'y

4.3 DESIGN AND FABRICATION

4.3.1 General

(C) Three point designs, Figures 4-1, 4-2, and 4-3 were configured. These
. designs are based on achieving a specific {mpulse efficiency of 90 percent
# (based on theoretical shifting equilibriun values) wicth the N,0,/UDMH pro-
pellant combfnation at a chamber pressure of 300 psia. A nomfnal mixture
ratic (O/F) of 2.60 was selected. The chamber length was determined from
the relation, L,/D. = 1.63. The ablative liners were sized for test dura-
tions of 120, Zgu and _'5 seconds for the ctage one, stage two, stage tliree
englnes, respectively.

(.) Flgure 4-4 shows approximiate dimensions for combustion chaubers

in the 50,000 lbf to SO00K 1bf thrust range as a function of thrust lcvel.
The various diameters and lengths (except for chamber length) are geometric
scalings of the dimensions of the 250,0C0 1bf thrust (vacuum) demonstration
hardvare tested In this program. The chamber length {s based upon results
of a vaporizatioun rate-limited analyeis as discussed previously, The nozzle
length is for a l5-degree half angle expansion cone.

(C) The fuel and oxidizer orifices are determined from the required
. injection velucities (4P's), spacing, pintle diameter as shown in the
following example.

F = 3000K at ses level, ¢ = 4/1, O/F = 2,6

3000K
iy Yo" 335 (907) 13,300 lbmlsec
3 D = 0.4 /13,300 = 46.2 in.

P

The fuel Injection .rea may now be computed,

» Ae = T3 é;?;ofq.s v
U Ve = 96.30 cd, /60749.5 for 6P = 60 pai
V Vr - 106 ft/sec for Cdf - 1.0
A( - ?3?%71%3%%97T6€7 = 0.705 ftz or 101.5 sq. in.
e ) Ap = /b [omz - opz]
101.5 = w/4 of.2 - 46,22
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(C) 129.5+ 2130 = Dim

47.6 ia. or

fn

w 0.7 in.

4.6 - 46.2
T - 3

fsh

The total oxidizer injection area i{s computed in the samoe manner assuming
a Ar‘o of 120 psi and a cdo of 0.70.

V° * 96.30 x 0.7 /120/91

V° = 77.8 ft/sec

1

13,300 1 - T +0JF _ 2
A (91) (77.8) 1.36 {t° or 196 sq. in.

The priaary oxf{dizer orifice area is selected as 90 percent of the total
or 176.5 square inchas

Assume that L /W - 2.0
p av

)
2
A = LW -=2.0W
o p avg avg
wes M
36 ' avyg
2,2/1.41 = W = 1.56 in,
avg
L = 3,12 {n,
P
= D
W= 55
v 46.2
UW = 36 4.04 {a.

CORFIDEATIAL




L

> CQ-N'I.FED?:NT!AL xyxa ;9:-:_0906-23-00

(C) The primary oxidizer orifice is keyhole in shape with an crea of 4.90
square inches. The W 1s 2.06 inches with an L of 3.12 inches. The M
is approximately 1.50" inches wide. The -econda?& oxidizer orifice is ap-
proximately 0.36 inches wide by 1.50 inches long.

4.3.2 VFabrication

4.3.2.1 Pressure Stells/Injectors

(U) The dusignm of large combustion chumbers were submitted to various
commerclal fabricatours tu determine the feasibility of fabricating the
large structures. It {s concluded that the designs shown are practicable
for 4 number of materials, includlng dY-140 and United States Steel T-]
steel alloy, using current commercial fabrication techniques. Sizes up

to 3000K 1bf thrust du not require any long material procurement lead times
fur special gage stecl sheets nor does the handling or transportation of
this engine 8size credate any special problems.

4.3.2.2 Ablatlve Liners

(LY A aumber of ablative liner tabrication and jnstallation methods have
been studled for the various thrust wiee engloes.  For the 3000K 101
thrust englne wlze there are several methods which are feasible.  The
mateclaly which appear applioable are the nilica-phenclics (broadgoods,
tape, moldling compound, or castables), f1lled silfcone=rubbers and In some
applicationg, asbestua=phenclics.  The tabrication methods applicable

for vach o the smterlal cliyguen are discussed {n the tollowing sections.,

bo3. 20200 Siltca~Phenol i Materials

() The sillca-phenults materfals appear to be the only material acceptable
a3 a4 thruit {nsert for fivst stage engines (approximately 140 scconds burn
time) smaller than 250,000 1bf thrust. These throat inserts could be tape=
wrapyed on o male mandrel, elther autoclaved or hydroclaved cured, machined,
an-l secondarily bonded f{nts the pressure ahell,  The only limitation on
throat {n4ert size (s rtne avallability of wrapping and curing facilitices.
Presently, components for the 000K engine size appear feasible.

(U) The broadgouds form of silica-phenolic materials appear advantageous
{n areas where the broadgoods can be {nstalled using a hand lay-up technlque,
especially where the part can be cured {nsitu at lov pressure,

4,3,2,2.2 Filled-Sillcone Rubbay

(C) The fllled-silic.me rubhers can be readily cast {nto the shell and
bonded simultaneously ur a4t an segments and bonded (nto the shell after
cure. The filled-atlicone rubbers show promise as a thioat incert, empec-
Lally for flrat staye engine sizes larger than 250,000 1bt, The primary
application of theme materials will be {n the ex{t cones where weight |m
very important and the contoured expansion section ran he readily maintained,.

(U) The sillicone rubber bonds very well to both the presmure shell and
other silicone rubher components. Neither the mixing or castirg of large
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(U} shells or segments appesr to be insurmountable problems. Care must
be taken to avoid entrapment of air durlng che casting proceds which is .
possible through the use of proper tooling.

4.3.2.2.) Other Materials .

(U) The castable silici-phenolic saterials euch as Ironsides Resin Co.,

Dp~5-151, can be fabricated into components in the same manner as the .
filled-silicone rubber. The ablative performance of this uaterial is very

good. However, the shrinkage and cracking problems assoclated with this

vaterial (see Volume I]) muat be resolved.

(U) Silica-phenolic materials are also available as molding compounds

and aa such could be molded into segments or “tiles' and bonded into place
on site. Proper mold design and joint configuration would allow for net
moldling of the finished segmence to provide a veliable joint in either

the longlitudinal or circumferential direction,

(U) Asbestos-phbenollc matervials, although showing relatively poor per-
formance in this prograr may heve future application because of their
low—cost. Most asbestus-phenolic materials are avsilable as molding
compounds and could be fabricated in the same manner as the silica-
phenolic molding coampounds.

5.1.2.2.6 Adhesives

(U) A major concern in the secondary bonding of mwlded segments into

the presaure shell ls the cholce of adhesive and out-of-roundness of the
me%al whell, With the use of relatively thin shells strain incompati-
blilties exiet at the bond line and bond line thicknesses vary due to

the nvt-of-roundness condition. [t appears that uxe of secondary bonding
technique will require special tooling and adhes{ve developuwent.

4.4 (OST AND WEIGHTS

(U) A wel it and coat estimate han heen made for each of the point

degtyn eny ur wizes and is given as Tahle 4~1, The major concern in the

de 1gn of these enzines {s the material choice for the engine assuming

th. t the engine size depends on whether 1t {s a first, second, thrid or

even fourth atage engine. The materials atudied include U'BS T-1, HY-140

and 4 200 grade maraging steel. The use of Haynes 25 as a radiation-cooled

akirt was also tnvestigated for the upper stage engine. The point design

costs and reight are based on the ume of dAY-140 throughout, except for .
the radtation cooled nozzle extensfon (Haynes=23) in the 57,800 1bf thrust

engine.

('Y It shouid be noted that the chamher length L, of the preiiminary
designa vere il baned nn a L /D rstio of 1.63. "As noted in Scrtion

4,2.), this value [s greater Ehat the original acaling length/diumeter
vratlo which s almo eutimat=d to be tno great for engine sizea larger

than 250,000 1Ibf chrust.
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CCHFBENTIAL ™

4.5 COMBUSTION PERPORMANCE

(C) The corrslating data indicate mass wadian drop, radius, ry

of 207 picrons for a proposed JO0OK coaxisl tmjector. The one~dimensional
vaporization rate-limited combustion efficlency analysis of this droplet
aize tn the 180~inch chamber (L /D e 1.18) tndicate a combustion efficiency
of 93 percent (89 perceat 1 o!flitancy) a8 shown in Figura 4-5. The
vaporization rate-limiced lgglylll does not conaider incrcased vaporization
due to secondary droplet breskup which would reesult in incresased performances.

(C) The performsnce of the 3JOO00K injecter could be improved by (1) increased
chamber length, {(2) increased injection AP (100 pei was asssumed for the
baseline cass, or (3) increased number of oxidiszer injectien orifices.
Increasing the chasber length increases engine weight and cost (since the
ablative coet is tha largeet single cost alement of the engine). Increasing
the injeczlon 4P's incresses the stage weight and poseibly the cost but
sppears to be more effective than increasing the chamber length.

(C) Increasing the injection AP for the oxidizer orifices to the 120 pel
design injection AP docresased the dsss medlan drop radius by the following
relation.

a 1/4 1 /8
LI (;) (EF) or (4=1)

)4

| 4 P
E?!‘fg ~ (KFL) sinc the (a/n) (4-2)
L ] P4

rfemarinsy constant. Thus, the Ta At A LP of 120 pai would be 93.4 percent
of /97y or 193u which fa equivalent tr increasing the performance by one
percent,

(C) Increasing the rumber of oxidizer orifices at the nane time an
increoasing the lnjection AP from 100 pai to 120 pa{ (assuming mixing
efficlency can be maintained) {m alno heneficial in increasing performance.
The masn median drop radius (s given by Equation 4~ . Thise results in

a ratio of [rnlzl(r.ll for a 48 element oxidizer orifice as follown:

/8

[','2]1 .F_L‘l“‘ [ﬁ]
[:_]1 1" | &p, (4=3)

= (.931) {.934])
- 0.869

The r_ is therefore LAD microne and the predicted increase in performance
ie ap’roxl-ntoly two percent.
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4.6 COMBUSTION STARILITY

(U) Hinimizaction of engine development cost is strongly dependent ou the
inherent dynamic stability of the engine design which is to be scaled.

As noted earlier, the centrally located coaxial {njector design hss been
scaled over a 10,000~-t0-1 thrust range (25 1bf to 230,000 1bf) without

a single occurrance of injector instability.

(U) During this program (250,000 1bf) the fnjector wasc subjected to 21
comabustion stability rating tests with sultiple disturbances bsing induced
; on a number of tests (Raference 7). Thare were no inatances vhere the

induced instabiliry vas not damped and it ves concluded that the injector
vas dynamfcally scable.

(U) Analycical studies do not indicate any combustion instability problems

vhen the engine is scaled to thruat lavels in the 250,000 1bf thruat o
SO00K 1bf chrust ranze.

CONFICEITIAL
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S. CONCLUSIONS

(L) This section presents TKY Systems coaclusions based on results of
design studlies, on evaluation of fabrication methods, and on analyses of
hardware performdnce during the Task I phase of the Injector/Chamber
Scaling Feasibility Prograas.

(C) The coaxlal injec.tur cuoncept demonstrdted o test aite specific impulse
of 89 percant of theuretical {(curresponding to 9V plus percent vacuum 1 ).
The most signi{ficant englne devign porameter with respect to engine
perfurmance wds the cnamber lengtn. Increasing the length/dlameter ratio
from 0.935 tu 1.% (wnich ts slightly gredter than the 1,45 scaling factor)
wun responsible for an épproximare four (&) percvent increase in performarce.
The cumbustion prucess dppears to be vaporigation rate-limited and the
prrformance 4t the varlious chamber lengths can be correlated through the

use of 1 vne-dloens! nal veporization rate-limited combustion model.

(t.)  Butn musentaa ratds and dbsclute injection pressure level were shown
t be lmportant Injection pardmeters. In the smaller L/D vombustors the
performdnie was very Jdependent on the mmentws rat o (obhtained by varying
alxture ratlo), the delivered perfurmance became Jeas dependent on
someatum rtatlo as the cophstor L/D) was increased.  The etfeci of absoluote
Injection pressure was shown Juring tests In which the chamber pressure
wad Jecrvased tH approxi=ately o0 paaa (obtained by decreaning total

flow rate through tiee! tatestion crifices).  There was an approximate

» percent loss in | vellobenly as the dnjection pressures were reduced
to about 50 pvr.rntazt th Jemlgn value,

(o AL artifloally tata o pressure dinturbances, whether fnduced by
pulse=gune or non-dire ttonai beat s Jamped within the required stal.ility
celterla of V0 allllsec. nds. here were no instances of spontancous
combustion tnatabiltity even theugh the combustion chamber leppth waws
varled and the Injector was perated cver a wide range of mixture ratioa
and performance levela.  There (g no evidence to wuggest that the coaxial
Injector will not by lynamically atable at the higher thrust leveis.

(V) The design and fanrfoation of the Jevelopment hardware (injectoer,
repidceable orifices, and heat-=ins combust fon chambern) demonstrated that
low-cost ~rmmersfal fahricatton te hniques could produce acceptable hard-
ware for the pr-gran. The uae of an elertrical Jdimcharge macuining
process for machining the -~xidizer orificea resulted 1n uniform oritices
vith less cthan a !=1 . percent varfation in total area {or the three
demonstration fnject. ra which were fabricated.

(U) Some additional mini{mal f{njector development eflfort !s 'ndicated

to minimize the propellant naldintribution which ia caumed by the single
fuel inlet and fuel manifold. A reeizing of the internal flow pasnayen
on the fuel side of the {nirctor 1 {ndicated. The propellant maldistri-
butfon Ia manifested as unsyometr!. al wall environments (higher raiovery
temperaturen) in loialized reglione in addition to reduced performance due
to MR vartattions.

CONFIDENTIAL
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(U) Further injector developaent {s 21s0o needed to optimize injector
porformance, primarily in the area of the oxidizer orifice spacing (percent
blockage), nuaber of orifices and ovifice shape.

CORFICENTIAL
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APPENDIX A
FACILITY CHECKOUT ENGINE DESIGN

L. ENGINE DESIGN
1.1 GENERAL

(L) In addition to the design and fabrication of the Task I development
hardvare TiW modified and delivered an existing 250,000 lby thrust engine
for stand mock-up and checkout of the High Thrust Test Facility (1-56).
The exieting engine had besn teated in 1967 at s chamber pressure of 60
peia and approximately 20 percent of rated flow (Ref, 1) under air Force
Contract AYO4(611)-11382,

(U) Analysis and desiygn of the engine was initiated at the start of the
contract to determine the required modifications to the engine and allow-
able operating conditiona. The objective of this effort wis to provide a
modlfied existing engine which was suitable for repeated short duration .
tests at rated conditions. These tests results vould then provide some f
design critaria for the initial development injector configuration (prior

to completion of fabrication of the initiasl development injector). How~

ever, tests of the modified thrust zhamber assesdbly were not completed in

time to allow any design changes to be incorporated into the development

tnjector.,

1.2 250,000 LBy THRUST PACILITY CHECKOUT ENGINE DESIGN .

(U) The 250,000 lb, thrust engine s shown in Yigure A-l prior to testing
at the TRW Cnpintraso Teot Site in 1967, The engina consists of twvo com-
ponants; the centrally locsated coaxial injector and the uncooled thrust

) chamber. The modifications required to esch component to allow operation
at rated conditions sre discussed in the following sections.

1.2.1 Component Design - Injecctor

(L) The deeign of the modified Injector (X403666-1) is shown as Figure A-2.
The redesign vas based on providing the rominal chamber pressure in the
existing chamber which hed a throat diameter of 27.0 {nches, The propellant
- inlat interfacas vers coordinated vith AFRIL personnel prior to the modifi-
= cation. The eingle fuel i{njet vas retained; however, the 5 {nch diameter,
150 1b ASA, siip-on flange vas replaced with a 6 inch dismetsr, 300 1b ASA,
welding neck flange and 6 inch schedule 80 pipe. The fuel wanifold wvas re-
. placed with a manifold constructed of 6 inch diameter, 90° elbows, of sche-
_ dule 8) pipe. The nsximum velocity In the annular inlet fucl manifold ie
Ea 3t ft/gec st rated flow. The 8 fnch diameter, 150 1b ASA oxtidirer inlet

§ <2

flange was replaced with an 8 fnch d{ameter, 300 lb ASA welding neck flange,

(l') The machined flanges for attaching the injector center body to the
outer injector housing were changed from 1/2-1ach to l-inch 1n thickness.
Twvelve gusnet atiffeners are welded dbetween the oxidizer {nlet flange and
the machined fianges, The oxidizer diffuser plug vas reposfticned to pro-
vide » primary orifice opening of 0.88 tnchea, An ablative pintle tip of
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(U) HAVEG 41F cement (asb:stos-phenolic) vas fabricatred to protect the

diffuser plug %*rom the therwal environmcent.

The revorked injector is

saown o Plgure A-3 prior to shipment to the AFRPL.

(L) Figure A-),
Thrust Injector Prior t Ship-
ment to AFRPL (Fhoto ernAd-ag)(V

Revorked 250,000 lhy

{U) A phctograph of the injection spray pattern

1.2.1.1 Bvdraulic Tert-Injecror

(U) A fixture for hydrostatically
pressure checking Jhe injector, fabri-
cated from conmercial pipe sections,
wes used to pressure check the injec-
tor at 415 psi, Blank flanges were
uwsed to seal both propellant inlets
and the fixture was bolted to the in-
jector-chezber mating flange which
sealed the injection orfifces.

(V) Wwater-flow teste were conducted
4t the Caplsatrano Tesl Site prior to
shipaent of the injector to the AFRPL.
The (njector was not wvater-{lowed at
the reted conditions because of facile~
ttv lic(tatjons at the time of test.
The injection pressure losses are
presented In Filpgure A-4, The oxidi-
¢er fnjection orifice area is 13.29 uq.
inchen, The diffuser plug is welded
ftto a4 nomftion which covers 0,12
{nches of the 1,00 fnch primary orifice
length, The fuel {nfection area is
10.7% aq, inchea., The annular open-
fng varles from 0,260 inches at the
fuel tnlet to 0,270 fnches st 180
degrees from the fuel inlet, The
experinentally Jetermined values cf
the diascharge coefficient for the
fnjecticn orificen are 0,74 for the
nxidirer elewent and 0.99 for the

fuel crif! »,

vater f{lowing through

both fuel and oxidizer oriflcee 13 showm 1n Figure A-5, at wster flows

equivalent to the throttled conditions,

When the ox{dizer side of the in-

jector s vater-(loved Individually the secendary flow (s shown to fan

clrcumferentially after leaving the orifice (Flgure A-6),
reglone of the prisary orif{cem are not completely f{{lled.

) cns

the flww

The upstrean
In Figure A-S

through the oxidizer orifices tendn to fil: the oriflcea and to

spread circusmferencially to forw a unifoiwm cone clowe to the (njector.

1.2.2 Component Design - Thruat Chamher

(U) The existing TRV thrust chamher (X&031668) shown in FPigure A-7 vas de-

l1ivered to AFRPL on 18 July 1968 for modification.

ted of 4130 steel,

The chamber {s commtruc-

The only struciural mod{ficatfon required to the thruat
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{U) chamber, to enable operation at the rvated conditions, consisted of tha
velding ot gusset stiffeners (X4UJobB-12) at the injsctor head as shown on

TEN drawing X4036638,
1.2.2.1 Modification ] = Thrust Chamber

(U) After completfon of the {nitial ten facility checkouvt firings the in-
jector and thrust chaabsr vere returned to TRW Systems. The thrust cham-
ber (X403668) vas revorked to be compatible with the development injectot
at the 16 inch flange attach point. The chamber was lengthened 12 inches
in & asnne¢ similar to that employed for the heat-sink cowbustion chamber,
The nozzle extension vas lengthened (20° half-angle) to provide a 4/1 ex-
pansion ratio nozzie by adding a conical section with an exit diameter of
54.0 inches. This nodified chamber vas employed in test firings 33 and 34

only,

UNCLASSIFIED

|
{
i




EZCLASSIFIED Peas A3/ Ante
Raference:

1. AFRPL-TR-68-46, “Advancemsat of Injector and Thrust Chamder Technology,"
C. A. Voorhees, Jr., TRVY Systems, December 1967, Confidentfal.
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APrPeNpIX 8

THERMAL ANALYSIS OF 250,000 Llr
THRUST HEAT<SINK ENGINE CONIIGURATION

1, PREDICTED HEAT TRANSFER COEFFICIENT AT NUZZLZ THROAT

(U) The coovective heat transfer coefficlent along a thrust chasbe. wall
can be _alculated {n many wvays, using any number of currently available
theorstiical ¢r empirical models, or modi{icatioas thereof, or it can be
obtained by axtrajolstion from availghle teet data. The following predic-
tad value arbitrarily is based on the Bartz short form equation (Ref, 1)
vith the gas propertics arbitrarily based on a fila temperaturs, taken ss
the arithmetic aversge of the local static teaperaturs and an average fnaide
surface vall tempersturd. The local static temperazture is calculated from
an estimated recovery teuperature vhich {a based on test data obtained with
the TRN coaxial i{njector, It should be pointed out that the effect of tem-
perature on the calculsted value of the heat transfer coefficient, h&' for
the UDMH/N04 propellant combination i& of secondary importance. The pre-
dicted value of h_ is then cospared to that corrected from available data
obtatned using a‘high performing coaxial injector st & chamber pressure of

300 psia.
’ .2 .8 . .9
S (AT AL T 0 IO
s )] -2 Pr'6 " e A
t

Theoretical performance and gue properties at a mixture ratfo of 2.6 for
N0, /UDMH ac 300 pata are

¢’ = 5596 fe/mec (shifeing)

Tc = 5930°R

Cp a 0,466 Btu/lb-"F (frozen)

Average molecular weight = 23,6 1b/1b mol

Primary gas constituents

ool fraction

HZO « 334
N, .285
co .129
COz .086

Throat diameter = 26.1 in.
Throat radius = 11.5 fn.

UNCLASSIFIED




UNCLASSIFIED P bz

(V) Ay

Pt = 7Y% (2) .

N (3) :
1'R;JCP

ft-1b *

Re |564/mol, wt = 1564/23.6 = 65,9 TP |

1
Yo TesSTOTReeey - 122

L (@22 |
I ora.zo-s - 08

For a nteel thrust chamber, the inside surface wall terpsrvature during a 2
second firing 1s approximately 1000°F., The gas recovery temperature, based

4 on tewt data obtained with the TWW coaxial injector, is approximately 4200°R.
The gas static temperature at the throxt is therefore

T
Ttaptc © 4200 (-353515 @ Y. 1.5) e 4200 x .90 = 37680°R
total

S

The film temperature is

T 7T
T‘ . M 2|tatlc . 16460 ; 3780 - 2620°R

' The factor, &« , which accounts for gas density and viscosity variation
across the doundary layer is determined from charts in Reference 1, for a
) : ratio of wall cemperature to tecovery temperature of 0,386, and {s aspprox-
' {mately 1.25.

(U) The specific heat, C,, is estimated to be 0.42 Beru/1b-"F st a film
temperature of 2620°R. Tﬁin value 1s estinated by noting that the effect
temperature has on the gas conmtituents as temperature is decreaned from
. $930°R to 2620°R {s approximately 10 percent. Therefore the C_ value cf
o 0.466 Btu/1b-"F {s decreased by 10 percent. v

The viscosity, 4 , is estimated from Reference 1.

W (46,6 x 10710y (@172 (Tf)'6 (&)

~-10

- (46,6 x 10719 (23.6)17? (2620)*® =« 0.254 x 1073 1b/in-sec

| ; | UNCLASSIFIED
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(U) Sudbstituring into Equatiua (1) for P_ = 300 psta and C* ® 52390 ft/sec

ooy 0.0 .25 v 105 2040 ][ 00y 322 ] (26.1\? (13¢1.25)
. 3 0 5230 1.3 ‘.
(26.1) (0.817)

BTU

tn =pec="r

0.026)(0.076)(0.42)(1.632)(1.0855)(1.25) _ -3
& (1.92) (0.885) 1.08 x 10

This calculated value s soswwh:t lower tian experimentally deteruined
values obtained with s TRW cecaxial injector designed for a chamber pressure |
of 300 pela. Correc.ing the ¢xperimentslly detervined value by the ratie |
D¢+? for the chamber reeults in an estimated value of hg of 1.58 x 1073 ]
Bry lor the 250h chamber. It {s recommended that & value of
tnl-gac-®y OPproximately 1.58 x 1073 Btu  be used for the 250K \
engine until]l further experimental data is

-.
obrataed. o ~sec="F

2. THERMAL ANALYS!S |

(U) The results of an spproximate thermal analysis of the 250,000 lbe hegt-
sink coebustion chamber are presented in the followiry paragraphs. The com-
bugtion chasber model and gas recovery temperature plot used in the analysis
is shown in Flgure B-1, Hot-mide and cold-side wall temperatures vere com=-
puted for varying wall thicknesses snd gas recovery temperatures o. 70, 8BS
and 100 percent of the theoretical wvaxinum gas temperature in the throat and
combustion chamber regions.

(U) A typical gas recovery temperature with the TRW coaxial injector ia
spproximately 70 percent of theoretical max{mum gas tempersture, or 3810'F

a9 determined from Figure B-l, The predicted hot-side and cold-side tem-
peratures for the throat region and chamber region are shown in Figures p.2
and B-), respectively. The siilysis predicts an Iinternal surface temperature
of 1700°F 1s reached at the throat after two seconds of firing for wall
thickneswes of 0.25 {nches to 0.50 inches. Wall thickness has cnly a secon~
dary affect on hot-side tempersture.

(U) The predicted vall temperatures for an 85 percent gas recovery temper-
ature are shown {n Figures B-4& and B-5. The predicted interanal surface tem~
perature at ths throat after two seconds of firing is spproximately 2.GO°F,
Figures B-6 and B-7 show the predicted wall temperatures for a 100 percent
g8s recovery temperature. The predicted internal surface temperature st the
throat after two seconds of firing is spproximately 2500°F.

(U) Defipitive tempevature iimits for repeated short duratfion fivinge with
T-1 steels are not svallable. It {s recommended that test durations be
limi.ad to two seconds (or 170C°F) to minimfze chemical attack by the
propellsnts impinging on the hot combustion chamber wall. Thermocouples

on the outeide surfacs of the combustion chamber will not respond quickly
encugh to meadure inner wall temperature. Therefore it is recommended

that ineidc wall surfuce thermocouples (Nanmac's) be installed along the
thrust chamber.

UNCLASSIFIED




s at e e e am e seee e mm—— o . _

UNCLASSIFIED s

CHAMBMER

' .
i 1 -
cOt Y
g e t ,:" ,,j
"ot f p,
'1:::‘,
P f
". ) 3
. r
» .
gi_ Ty ~ MCOVERY (EMP, (GAS)
§ by - el fmn SO,
g:, 1~ WALL THICKNESS
; —— SR WD SEm el G TELED SRS GE WG RS e G g S — G A, S GEGT) S IR I Gmmy G Gy
6000
LS
'
. 5000 -- 4
a.
2 /
“wd
-
>
ot
g
3 4000 / -
O L~
] //
- 3000
40 /0 &0 9Q 100
|
PERCENT RLCOVIRY TiMP, ~ % .,
(U) Figure B-1. Parameters Used for Thermal Analysis (U)




P

—— ——— am e e s e

UICLASSIFZD  wurizm

{
N

3000 T l T

THROATY ) P
RECOVERY TEMP. = 3810 °F -
70% 1) : - | '

g

- 25 IN,

375 IN,

TEMPERATURE ~ °F
N\

1000 .50 IN. ’

C
-
L8]
(%]
S
(3]
o~
~3

, TIME ~ SECONDS

(U) Figure B-2. Predicted Yorzle Throat Wall Temperature
for 70% Racovery Temperature (U)

UNCLASSIFIED




4
UNCLASSIFIER iiiraywow | i

) ! i
? CHAMBER f
i
% —RECOVERY TEMP, = 3810 °F
o 70% Tp)
) . R {
2000
by
) LIMIT —
&
=) S
=
: |
= LA .
3 e
= ”
1000 >—
' 4
7
é‘ /
-
¥
. — - - =
L

TiME ~ SECONDS

\3
C
o
o (U) Figure B-3, Predicted Chamber Wall Tempera’ :-.
R TP
" N i

for 70% Recovery Temperature { ')

l UNCLASSIFIED




UNCLASSIFIED Page By 00

4000 ]
r’_ r ™ -y . | 1
THRQAT
RECOVERY TEMP. = 463G °F
(85%Tp)
t=_25IN.

3000
w
[}
]
w
ac
"3‘ 2000
S
a
b
pod

1000

0 S
0 1 2 3 4 5 é 7

TIME ~ SECONDS

(U) Pigure B-4. Predicted Nozzle Throat Wall Temperatures
for 85X Recovery Temperature (U)

UNCLASSIFIED




UNCLASSIFIED a0 ]

|
|
‘l\

: \ CHAMBER
~RECOVERY TEMP. = 4630 °F
: t= .25 IN.
>
\ (85% TR) P

\ 2000
4

LiMIT

7 \©
O
| | </
/

TEMPERATURE ~ *F

375 1M,

N

\
\

TIME - SECONDS

(") Figure B-5. Predicted Chamber Wall Temperature
for 85% Recovery Tempervaiure (U)

UNCLASSIFIED




UNCLASSIFIED Hssereo

4000 p=
THROAT
p RECQVERY TEMP, = 5450 °F
6 (170% TR )

\\-

- \\\ [y
\
_\l_

1
y’ ,/ - :
’ 50 IN,
& , |
3000 TA’;W | / |

//
v

P
: «,\°% 4
s u &5
| y S
| s /
] ! 3 2000
| g ,/ . .375 |N/
g ’ = 7 LIMIT —4= /
' 9
; ’l S /
41 .
- 1000 A .50 IN

TIME ~ SECONDS

e (U) Figure B-6. Predicted Nozzle Throst Wal! Temperature
4 for 1001 Recovery Temparatu : (U)

UNCLASSIFIED




v
¥

_?"_-Ag R A O I ST [ YRR 77w STy S s ATy 3 = S vy T

YEMPERATURE ~ *F

UNCLASSIFIED ~  survspeso

3000
r=.25IN. rd
CHAMBER P
- RECOVERY T'EMP. = 5450 °F ,,- 375 IN. _7’7
(100% Tg) . ,,—r,.
e A ™
7 = “.50 IN,
Y000 s ""
,{r: ” b= d
o“'////
LIMIT O\’,\ /
>
/ v
) 4 N 375 1 /
y, ¢
1000 L - - _?/
/
/ .50 IN n/
/ O
—t | ] /Z
0

TIME ~ SECOMDS

() Flgure #-7. Predicted Chamber Wall Temperracure
for 1002 Recovery Temprrature {U)

UNCLASSIFIED




UHCLASS IFISD 11199-6006-28-00

Page B3-11/B-12

sfeverce: (1) D. R. Bartz, "A Simple Equation for Rapid Estimstion of

Rocket Nozzls Convective Heat Transfer Cosfficients,”
Jet Propulstion, January 1957. (U)
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APPERNDIX C

DATA REDUCTION PROCEDURES

1. CENERAL

(U) The test results presented herein are derived from computer printout
data furnished TRW by the AYRPL. The AFRPL furnished TRW reduced perfor-
mance data for test firings 2 through 17 and general performance data for
test firings 18 through 46, 72-78, 90-93, 98-102, and 108-110.. TRW Systems
reduced the latter 45 firings; standard data reduction proccdu{cu vere
esployad throughout. Decaile of the computational procedures snd corrections
vhich ware spplied are given in the following sections.

2. LELIVERED SPECIFIC IMPULSE AND THRUST COEFFICIENT

(U) The measured spacific {mpulse is defined by the following equation

F(meas)
l.p(ucas) "3 )

t

4 = (F1A + F10)/2, outputs of dual bridge load cell, lbf

"t = Ho + H'. veight flov, oxidizer and fucl.lb-/ioc !

(U) The thrust coefficients wers calculated fiom Fquation (2) as follows:

o Hneas) (2)

o
f (maas) ro At

vhere:
= nozzle stagnaticn pressure,psia

At = throat ares, in

(U) The nozzle stagnation pressure was obtained by two methods. The first
wetiiod corrected the average of the two injector end pressure measurements
for pressure loss to norzle stagnation pressure using Figure C-1 (Reference
1). This method assumes that the gas velocity across the injector end
pressure taps is zero and, thersfore, they were reading injector end atag-
nation pressure, This was latter shown to be f{rcorrect as measurenments
taken in the annular space betveen injector and chamber showed higher
pressures. The sacond method used the nozzle entrance pressure, measured
just upstresam of the convergeant section, which was corrected for static

to stagnation pressure differences due to gas velocity. Both methods assume
that combustinn s comple' = at the nozzle entrance and flow in the nozzle
is isentropic.

————————

Reference 1. Altman, D., et al. Liquid Propellant Rockets, Princeton
University Press, 1960,
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L2+

1.0. {

BT YA

Correctior Factor

0.92’~—v-}-o-. J'
0.88. .| . vl
- "
SN T DUV BFRNUTIUNE TR BRSNS ST S
1.0 1.5 2.0 2,9 3.0 3.5

Contraction Ratio
(V) Pigure ¢-1. Correction Factors for Various Coutraction Ratios (V)

0, 2.1 SPECIPIC IMPULSE AND NOZZLE EFFICIENCY

' (U)  The theoretical Izp and C* data for the pressure range of 200 psia to
300 psia end mixture ratlos of 1.80 to 3.20 (O/F) were curve-fit and used
in equation form to cowpute the theoretical Tep and C*. The equations are
s follovs: . , .

I, (Pa= 13.2,¢ "= 4.0) = -120.649] + 379.7692 Jk -123,4563 4 +

3 0.463773P - 0.00061575 P* + 0.0017556P JH _ 3
whare: TR /ﬁt
o

c‘(thco) = 1496.4296 + 5838.8849 /4 -2072.959 K - 0.21772p -

|
B \ 0.0003875P> + 0.379418p U (4)
(U) The specific impulse efficiency vas computed as follows

nl. = (5)
' "t xup(thco.)

with the theorecical t.p being computed from aquation (3).
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(U) The noxsxle .lit;teﬁcy wvas deterained from the following: . |

)
ey © ’7:.: (=

2.2 EXPECTED NOZZLE EFFICILNCY

. - e e

(V) The expected "cF for the 2/1 expansion ratio, 20 degree half-angle
conical nozzle wvas 0.9355. In the 4/1 erpansion ratio configuratiou the
axpectad "y vas 0.965. Theoreticai calculations were mads for the varinus
losses (kinstic, divergence and friction) in the &4/1 expansion ratio, 15
degree half-angle conical nozzla. These computations indicate a nozzle
efficiency of 0.980 at a mixture ratio of 2.60 (0/F). Theoreticsl calcu-
lations for mixture vatios of 0.5 to 10.0 (0O/F) show less than 0.3 percent
variation in the theoretical thrust coefficient.

3. HMEASURED CHARACTERISTIC VELOCITY EFFICIENCY

(U) Tha characteristic velocity vas calculated as follows:

P A
Ct = ._o-_li—‘—o (7)

Ye

vhere:

~
[ ]

nozzle stagnaticn pressure, psia
s throst area, in

32.2 1b -ftzllb -!t—uccz

. ., » [ 4

W+ W
o

T- 0 >
.

£ lb-luoc

(U) During the facility checkout firinge (1-10) the characteristic velocity
also was computed using the following equation!

Ce = (PC-1) ﬂAtu
—t

wvhere:
(8)

The correction factor for P /Po is obtained from Figure C-1 and the ratio
of PC-3/PC~1 for firings 9-*7 wvas 1.071; this results in a 8 term vslue of
6.982.
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(U) The flow races used in boch the messured 1 and C* equations vere
obtained from single turbine flovmeters using viler flow calibrations.

Propellant temperatures ve 2 messursd in the propellant tanks and lines
and at the injector. Densities for both propellants vere computed from

ATRPL derived equations given as Equations (9) and (10). :
by * $1.777139 -~ 0.0350405 (r!) (9)
b, * 95.8447 ~ 0.078033 (7)) (10)

(U) The combustion efficiwncy vas computed from the following equation:

C* ( weasured)

fea ° ¢ (theo.) )

where the theoretical C® iv deterained from equation (&).
4., [INJECTION PARAMETERS

{U) The tnjector and ctystem flow conductances verc determined using the
following general equation

K« q\fo/aP (12)
where:

Q = volumetric flow rate, ftjlﬂec
o = propellant density, lb-/ft

AP = meanured pressure loss, psi

(U) The fuel injectinn pressure loss was measured between the entrance to
the oriflice (PIF-2) and the Injector end chacber pressure (PC-1 or PC-2).
The oxidizer injection pressure (PI0-1) vas used to determine the 4Py,.
Injector couductance was cslculated frow the following equations.

KLJCF » Qg J3f7AP“ (13)
KIJCO = 60 JolZF, as)

(U  The orifice dlacharge coefficient is rel=:ed to the injector conduc-

tance by the following equation: .
C. = 1.a95 RLICO (15) .
do A
fo
a4, KLy
Ldf 1.495 Y (16)

UNCLASSIFIED




7

(28

——

CONFIBERTIAL nirspe

APPENDIX D

TASK 1 INJECTOR/CHAMBER
LVESIGN CRITERIA

1. DESIGN REQUIREMETS/GOALS

(C) The tnjector and uncooled thrust chamber designs are based upon:

Nominal Thrust ~250,000 lb' (vacuum)

Nominal Chamber Pressure =300 pcia

Exit Area Ratio ~4,0/1

Chamber Length =36.5 inches

Propellants =N20,/UDMH

Nominal Mixture Ratio 2,6

Mixture Ratio Range ~2.3 to 2.9

Specific Impulse Effticiency (Goal)~902 (based on shifting equilibrium)
Thrust Rangc ~2.0/1

Chamber Pressure Range ~300 paia to 150 psia

2. TECHNICAL APPROACH

(U) The injector (s a centrally located single elewent coaxial type in
which throttling is accomplished by varying the propellant supply pressures.
The combust «a chamber and injector are designed for a factor of safety of

Z at anbien. cemperature and 100 percent over pressure. Standard 300 1b.
ASA flangas are used on the injector and chasber vhere applicable. The run
duration is limited by the capability of the uncooled heat-sink thrust cham-
ber; thls duration is sufficiently long to resch steady-state flows, chamber
pressure and thrust s> that engine performance can be documented.

(U) The coaxial lnjector incorporates replacesble fuel and oxidizer injec-
tion orifices to provide rapid change of the injector configuration with
minimum down-time between tests. The design guideline for the injector is
to maximize use of commercially avallable pipe components (flanges, elbows,
tubing), using cowmonly available stceln, with ainimum modification.

(U) The fabricatlon process for the injectors and chambers specifies that
velds be made (n accordance with the ASME code for unfired pressure vessels.
This eliminates some streas analysis which might othervise be required. To
reduce costs, fabricetion will be conducted outside the normal aerospace
industry. Only the critical dimensions will be {nspected closely by aerc-
space standards and only industrial cleanliness standards ure required.

). GENERAL CPARACTERISTICS
3.1 Injector
(C) The initial development injector oxidizer orifice configuration s

fdentical to that employed in the TRW Systems 196) test program. The ve-
quirced flow ratea are calculated as follows.
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CONFIBENTIAL supsenees

(©) - _ 250,000
Ve = 590283, ~ Y80 1B /sec
° 980
Hﬂ - m = 272 1b-/uc

Ho = 980 (l- ﬁ)- 708 lb./lec

J.1.1 PRNel Injection Orifice

(C}) The {nitial fuel injection 4P and oxidizer injection AP are chosen as
33 psi and 140 psat, respectively. The required fuel injection ares for
the design conditfon {x calculated from the following equation.

Q! F
{ 96.30 Cd V“g
A - 212 V49,5

¢t 49.5 796,30 chS"

Ag = 10.05 tn?

A

The fuel sheet thickness {s calculated assuaing that the clean-up diameter
(Dp) on the oxidizer pintle anseably s 12.65 inches.

2
Ap = nld (Dfm - Dpi)

20.0 = /6 (n L 160)
. fm

2

D = 160 ¢+ 12.R = 172.8
fm
Df. = 13,15
13.15 = 12.65
t[sh - 3 0.25 iu,

A tolerance of f 0.010 inches {n the fuel sheet thickness results in an

ares variaton of ¥ 4 percent and a pressure loss varifation of tsy percent

at the nominal mixture ratio.

3.1.2 Oxidizer Injection Orifices

(C) Thirty-six elements (primary orifice and mnecondary orifice) are equally
spaced on the 12.65 fn.pintle dfameter. The required oxidizer injection ares
for the design condition in

CORFIDENTIAL
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(c) Qo

A e
°  96.30 Cd APO

[+]

Ao = 13,40 in

Nominally, 10 percent of the oxidizer flow {s injected through the secondary
orifices, Tharefore, the area >f the 36 primary orifices is

Ay, = 0.9 x 13.40 = 12.05 1n?

{C) Tre unit spacing, UW, for 36 oxidizer elements on the 12.65 inch pintle
diameter s

12.65¢

We =3

= 1,105 inch

The vidth of thn primary orifice W Pt is selected as 0.45 4nch; the width of
the prizary orifice plus the wgd:h of the secondary orifice H is given by
the following relation

‘"p + u')i\w ¥0.50

The width of the secondary orifice is

U. w» 0.50 UW ~ 0.45 or
H. » 0.53%) - 0.45=0.100

{C) The oxidizer injectlion pressure loss for the mixture ratio range of
2.3 to 2.9 is expected to vary from -8 percent to 46 percent assuming con-
sctant total flow rote over the mixture ratic range,

3.1.3 Internal Velocities and Pressure Drops

(C) The velocity through the 6-inch diameter fuel inlet pipe (achedule 80)
is

. v_a(:eol{?-z.j‘;
[}

" %9.2 (59

The pressure loss from the fuel inlet {nto the fuel manifold {s

CONFIDERTIAL

- 288 f164 )- 32.6 ft/sce

U




GONFIDEATIAL sumpornw

) AP w KV

W

Ve
“

f

[

where K = [.5

. 2 )

i AP = 1.5 x (32.6)"x49.2
Poa o 64.4 x144 .
: A

& AP = 8.5 pei

s

E The pressure loss through the eighr, 3-inch diameter holes is approximately

. 2
o ! KV o

4P ® ——
i 28

Ty

e

2 ,
vhere K -@ -(t = 2.37 and the velocity is given by

288 [144
. V= 9.2 (m)- 14.95 ft/sec
Y 2
o 2 o 2:37(14.95) 49.2 _
" ar 84,4 x 144 - 28 el '
? The expanslon loss from the internal fuel annulus, based on nominal dimen-~
Y sions iy
't,
o 2
5 4 1.0(37)749.2
: 8P = T4 x 146 - -3 el
i
: (() The remalning turning and contraction losses should be negligible
’ because of the large arcas and smooth inlets. The total fuel side pressure
v loss (exrluding injection orifice) is approximately 20 pai.
; {C) The velocity {n the B-inch diameter oxidizer tube (schedule 40) is
" ; ¢ - W (B O/F = 2.9)
; oA
; 7129 144 )
f-‘ Ve -8‘9._5‘«\?)-(_)-.2‘ « 23.4 ft/nec
e L The friction loss and turning losm to the {njection orifices {8 i{ncluded
o . in the oxidizer diacharge coefficient which {s determined experimentally.

3.2 Combustion Chamber

(C) The design point conditions are used to size the thrust chamber for a
nozzle stagnation pressure, P , of 300 paia. The throat dfameter {s calcu-
lated from Equation 1 assuaming a 94 percent C* efficiency.
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COMFIDERTIAL  nooppesuoo
(© n_y co ]2
O © ﬁ:—‘_o_% Q)

b |4 x 0.9 x 5596 x 98:5} 1/2

t v x 300 x 32.17

=

Dt = 26,10 in.

The chamber diameter (39.0 in.) and length of chamber from impingement plane
to throat (36.5 in.) are identical to the chamber tested in 1967,

4, STRESS ANALYSIS

(U) The structural elements of the engine vere analyzed for a static
pressure loading of 600 psi at ambient temperature with s mirimum required
margin of safety of one against pressure loadirg. The use of 300 1b ASA
flanges were recomended for ths injector inlets and chamber sttach points.
The margia of safety of three is defined for this design; therefore a
margin of safety of onz is derived for the 600 psi loading in the injector.

{U) The methods used in this analysis applied both mezbrane and discontinuity
principles se2t forth by Timoshenko and Hetenyi. Thermal stresses and thermal
shock (chamber-throat temperature of approximately 1000-1500°F inner surface
and ambient temperature outer surface for 2-) second firing) from temperature
and temperature gradients might be of importance but were not considered
except in the support atructure.

(U) The analytical calculations are given in the following pages.
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